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I. Introduction
The investigations completed in this thesis are concerned with packed
tubular reactors having catalyst beds of reduced activity operating near
the stability limit imposed by reactor runaway. This section of the thesis
contains the basic definitions and explanations of stability, catalyst acti-
vity and poisoning and how they are associated with this work. It also In-
cludes the purpose of the thesis, a description of many of the assumptions
used in modeling packed tubular reactors, and a review of the criteria of
stability developed during the past twenty-five years. The last part of the
section presents the requirements which were felt necessary for an acceptable
stability criterion and finally the choice of one of the available stability
criteria for use in the investigation.
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1.1 Stability Studies
The study of operational stability and control of packed tubular reac-
tors has attracted an increasing number of researchers in recent years. With
the advent of modern computing techniques and numerical methods many new
approaches to the basic problems of stability and control have been developed.
Because the equations describing tubular reactors are nonlinear and coupled,
analytical solutions are generally not possible and only with the use of
modern computers has it been possible to expand the investigation of opera-
tional stability and control over a large range of operating parameters and
conditions.
Industrial competition has greatly increased the economic importance
of operating reactors at maximum production levels. This often entails
operation in regimes where the reactor is extremely sensitive to any change
of parameters or operating conditions, that is, near the limit of stable
operation. The economic factors coupled with the availability of computers
has generated considerable interest in the area of stability.
1.2 Stability - Reactor Runaway, Multiple Steady-States, and Parametric
Sensitivity
There are three broad classifications under which stability is normally
studied, reactor runaway, multiple steady-states, and parametric sensitivity.
These classifications are not precise and there is considerable overlap, but
they can be looked upon as a means to help clarify a portion of the confu-
sion associated with what reactor stability or instability really means.
Reactor runaway is generally connected with exothermic reactions occur-
ring in tubular heat exchange type vessels containing a catalyst. In such
reactors the axial temperature profile generally rises from the inlet of
the reactor, goes through a point of maximum temperature, and then decreases
until the exit is reached. The point at which the temperature profile reaches
its maximum is commonly called the hot-spot temperature. Considerable impor-
tance is centered around the hot-spot temperature, its magnitude, its axial
position in the reactor, and, most closely related to stability, its response
to fluctuations in the operating conditions. Reactor runaway is said to
occur when the fluctuations cause the hot-spot temperature to rise out of
control. The excessively high temperatures may cause severe damage to the
catalyst and reactor and in extreme cases result in explosions. This type
of stability then is characterized by the complete loss of temperature con-
trol within the reactor system resulting in excessively high temperatures.
The existence of multiple steady-states was first brought to the atten-
tion of chemical engineers by Van Heerden (3) who showed that under given
conditions of operation a stirred-tank reactor may possess three possible
steady-state operating points. Two of these steady-state operating points
are stable while the third is unstable, i.e., small fluctuations of the
operating variables cause the reactor to switch to one or the other of the
two stable steady-state operations. This type of stability investigation
has since been extended to packed tubular reactors, primarily by Amundson
et al. (15, 16, 17, 18, 19), where it has been shown that under certain
conditions depending on the initial temperature conditions of the catalyst
bed there exist three steady-state operations. Again two of these are sta-
ble and the third is unstable in the same sense as described above. To
characterize this type of stability, one is not necessarily concerned with
excessive temperatures which may damage the catalyst and reactor, but with
the temperature regions in which the reactor must be operated in order to
achieve the desired stable steady-state operation.
Parametric sensitivity, as a third broad classification of stability,
is very closely connected with both of the previously described stability
classifications, but at the same time encompasses a great deal of stability
considerations that are not contained in the other two. In any reactor
operation it is desirable to know what the effects of changes in the operat-
ing variables and parameters will be. The effect of the reactor diameter,
catalyst particle diameter, wall temperature, flow rate, heat transfer
coefficient, etc. , all determine the final product leaving the reactor and
it is essential not only from the point of view of reactor runaway or the
existence of multiple steady-states that these effects be clearly under-
stood so that the reactor can be operated in an efficient and economical
manner. These effects clearly must be considered a part of any stability
analysis and classification.
1.3 Catalyst Activity
Catalyst activity is a common term, the meaning of which is often mis-
interpreted. It is used in the literature with several different meanings
(9, 22, 26, 30, 31, 32, 33, 34). It is, therefore, advantageous to give a
brief description of catalyst activity and define what aspect of catalyst
activity is being considered in the investigation which follows.
The basic definition of catalyst activity can be given in terms of the
rate of the catalytic reaction in one of two ways. It can be described as
the rate of reaction in moles per unit time per unit area of catalyst sur-
face (30). It can also be defined as the amount of product produced per
unit time per unit mass of catalyst (26). The two descriptions above are
related through the surface area and the mass of the catalyst so that they
both describe the same phenomena,
,
but with a slightly different dependence.
Generally the activity of a catalyst will not be directly proportional
to the surface area as some interior pore surface area may be inaccessible
for reaction. Thus when comparing different catalysts for a given reaction,
their activities cannot be compared on the basis of their surface areas alone.
However, when comparing the activities of different batches of the same cat-
alyst, as when checking the extent of poisoning, the surface area can be used
to give an effective comparison.
Another method which can be employed in comparing catalyst activities
is the use of catalyst-activity factors (33). These factors can be used to
account for catalyst deactivation due to poisoning or sintering and also for
comparing the activities of different catalysts. The catalyst-activity fac-
tor is a constant which appears in the rate equation and is a multiplier in
any integrated form of the rate equation. In order to compare the activities
of two sets of catalysts for the same reaction it is necessary to specify
}
one as an arbitrary standard with a catalyst-activity factor of 1.0. Then
for the same degree of conversion for both, the space velocities required
to achieve the conversion must be different. The comparison of the acti-
vities is then given by the ratio of the activity factors:
(W/F) T .
"I
a
il
(W/F)
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where
W/F is the space velocity
W is the mass of catalyst in the reactor
F is the feed rate in moles/unit time
a is the catalyst activity factor
A third method (33) of comparing activities consists of comparing the
ratio of the conversions obtained using a standardized testing condition.
Again it is necessary to specify a catalyst as a standard against which
others may be compared.
The description of catalyst activity given above is necessarily brief
and by no means does it include all the descriptions used in the literature.
However, it is thought that the descriptions given are the ones most often
used.
In the investigations of this thesis the activity and change of activity
of the catalyst in the packed bed will be described by a relative activity
which can be defined as follows:
/rate of reaction per unit volume]
relative activity, a \of catalyst ' .
(rate of reaction per unit volume\
of catalyst when the catalyst l
has experienced no deactivation
J
pr modification /
The reaction rates in the above ratio must be determined under identical
operating conditions, i.e., temperature, etc. Using the relative activity
provides a simple way of accounting for catalyst deactivation or for the
addition of inert particles in place of a portion of the catalyst particles.
This description corresponds to the third method listed above and its general
form is commonly used in the literature.
I. A Catalyst Poisoning
Commercial catalysts experience a decline in activity during reactor
operation because of two principal causes, poisoning and sintering. Poison-
ing is the more common of these two and will be briefly discussed here.
A poison can be defined as a substance, either in the reactants stream
or produced by a side reaction, which causes a decrease of the catalyst
activity (26). Classifications of specific poisons are numerous in the
literature (26, 30, 31). Carbon is a common fouling agent and has been fre-
quently investigated because of its occurrence in commercially important
hydrocarbon reactions. Poisons such as this are classified as deposited
poisons. Sulfur is another frequently occurring poison. Unlike carbon,
this poison is chemisorbed on metallic catalysts and hence is called a
chemisorbed poison. Other typical poisons in this class include zinc,
mercury, lead and iron oxides.
Poisons may also be classified according to their influence on the
selectivity of the catalyst. The heavy metals are frequently classified
in this manner.
As the complete phenomena of catalyst activity and poisoning is not
fully understood, the literature in this area contains a number of models
which have been used to approximate the poisoning phenomena. There are
two basic approaches. In one the catalyst is assumed to be poisoned as a
function only of the operating time (36, 37). This model approximates reac-
tors in which poisoning occurs uniformly throughout the catalyst bed. The
second approach considers the rate of formation of the fouling compounds as
a side reaction in conjunction with primary product forming reaction (34).
In this approach the catalyst fouling is not uniform throughout the catalyst
bed and an activity profile will exist. Predicted conversion, selectivity,
and temperature distributions may thus be dramatically different from those
based on the first approach.
1.5 Purpose and Concepts
This thesis, whose subject matter lies within the framework of a reactor
runaway stability analysis, has a twofold purpose. First, it makes it possi-
ble to formulate for existing reactors a general procedure for determining
an operating policy near the stability limit for the reactant inlet tempera-
ture when the catalyst is experiencing poisoning. Second, the investigation
is the starting point for a future study to increase the level of conversion,
while operating the reactor near the stability limit, by developing an optimum
catalyst activity profile for the catalyst bed.
When the catalyst bed of a reactor experiences deactivation, the reactant
inlet temperature must be raised to maintain the same level of conversion
(20, 22). The permissible temperature increase is limited, however, by three
considerations. In some cases the catalyst will experience damage by sinter-
ing if the temperature in the reactor is increased excessively. In other
cases, an increased operation temperature may cause a detrimental effect in
the selectivity of the catalyst. The third consideration is that an increase
of the inlet temperature may cause the reactor to run away. This thesis is
concerned with reactors limited by stability considerations.
Froment (2) suggested that the only way to increase conversion and
yields from packed tubular reactors operating near the stability limit was
to realize a different type of temperature profile than normally associated
with heat-exchange reactors. One way of doing this is to vary the catalyst
activity. If, while preserving reactor stability, a decrease of catalyst
activity allows an increase of the inlet temperature which more than off-
sets the activity decrease, an increased level of conversion is realized.
It is felt by this author that this possibility exists. It is then one of
the purposes of this thesis to obtain the basic information necessary for
developing this type of optimum activity profile.
As a more immediate result, however, the investigations supplied a
procedure for determining an operating policy for the inlet temperature
under the conditions discussed above.
Three types of activity profiles were investigated; uniform profiles,
positively sloped profiles, and negatively sloped profiles. These types
roughly approximate uniform poisoning, poisoning by a parallel mechanism,
and poisoning by a consecutive mechanism. In addition to approximating the
possible poisoning mechanisms, they were the simplest geometrical forms
available which would not unduly complicate the investigation.
1.6 Typical Assumptions
There are a number of assumptions generally made in order to simplify
the mathematical description of reactor operation. The most common assump-
tions are listed in Table 1 and will be discussed in a general nature.
The first four assumptions are generally made in any investigation of
a packed tubular reactor. Homogenity of the catalyst bed is an inherent
Table 1. Commonly used assumptions in packed tubular reactor analysis
1. Homogenity of the catalyst bed.
2. Fluid properties unaffected by temperature and reaction.
3. Negligible axial heat- and mass-transfer by conduction and diffusion.
4. Negligible heat transfer by radiation.
5. Flat velocity profile.
6. A specific heat generation form.
7. The rate of heat generation is a function of temperature, reactant
concentration, catalyst activity, and for certain cases of the time
of contact.
8. The temperature dependence of the rate coefficient can be linearized.
9. The fluid temperature at any cross section follows the solid temper-
ature with a constant difference between them.
10. The fluid temperature and catalyst temperature are identical.
11. The temperature at all points in the catalyst are constant with
respect to time.
12. There are no radial concentration gradients in the reactor.
13. There is no radial temperature profile, the resistance to heat
transfer through the bed in the radial direction is small compared
with the resistance at the tube wall.
14. There is no pressure drop through the reactor.
15. Idealized reactor operation— adiabatic, isothermal, constant wall
temperature, constant heat flux through reactor wall, etc.
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assumption, its validity coming under question only when the catalyst parti-
cle diameter is very large as compared with the reactor diameter (9, 23).
The use of average fluid properties is an assumption common to all engineer-
ing processes. Axial heat and mass transfer is normally neglected as their
effect in industrial operation is small and only at low flow rates of mate-
rial through the reactor do they contribute any sizable effect (2, 23, 26).
The heat transfer by radiation is also normally neglected although at high
temperatures and with large catalyst particles this form of heat transfer
should be included in the investigation (9, 27, 28, 29). The influence of
velocity gradients in packed tubular reactors is considered unimportant by
Denbigh (24) thus suggesting the use of the assumption of a flat velocity
profile without causing any serious distortion of results of an investigatior
Beek (23), however, points out that radial velocity gradients are present,
but that more experimental work in this area needs to be done.
Assumption six is sometimes used in order to by-pass the necessity of
using a reaction rate expression and thus eliminating the need for a mass
balance equation. The use of this assumption is limited, however, and the
results obtained will generally not be representative of a great many reac-
tion situations (1, 5).
Assumption seven is generally used in place of the previous assumption.
Using a heat generation function of this form is a much more realistic
approach. It uses the actual reaction rate expression in conjunction with
material and energy balances to achieve the rate of heat generation. Any
dependence on catalyst activity can be included in the reaction rate ex-
pression in a number of suitable forms (2, 4, 9, 24, 34). The objection to
using this form appears in the nonlinear coupling of the material and energy
11
balances which results. The following assumption overcomes a part of this
objection.
Assumption eight is similar to seven except that the temperature depen-
dence as expressed in the Arrhenius equation is replaced by a linearized
expression. Froment (2) presented a comparison of the two forms for a single
case with good agreement for low temperature values. The use of this assump-
tion should be considered separately in each individual case with the operat-
ing conditions of the reactor determining its usefulness.
The next two assumptions, nine and ten, are the commonly used simplifi-
cations in many situations. For a transient analysis of a packed reactor
neither of the two generally represent the actual phenomena which occurs,
and the effect of mass and heat transfer rates may play an important part
in the transient behavior of the reactor. However, their use does greatly
simplify the analysis by reducing the number of equations needed to describe
the reactor's operation. The utility of results from an analysis using
such an assumption is necessarily limited to specific cases (1, 17, 18, 19).
In a steady-state analysis, however, the mass and heat-transfer rates remain
constant at any axial position and the validity of the results in the above
sense are not dependent on the use of the assumption.
Closely related to assumptions nine and ten is the assumption of no
temperature gradients in the catalyst particles. Denbigh (24) and several
other authors have presented in considerable detail discussions concerning
the existence of such temperature gradients and their effect on the reaction
taking place.
Assumptions 12 and 13 are often used in order that an investigator may
work with a one-dimensional model. There is no justification for assuming
12
the absence of a temperature gradient in the radial direction other than the
simplicity it allows. In using such assumptions average temperatures and
concentrations result from the investigation and no information can be ob-
tained concerning the extreme temperatures which are known to exist at the
axis of the reactor (1, 2, 5, 23, 24). In many situations, however, the
average temperature and concentration profiles which result represent a good
approximation to the more valid two-dimensional results obtained by not making
such assumptions (2). The purpose and accuracy required of the results and
the effort which must be expended to obtain them will normally determine whe-
ther or not these two assumptions are made.
Assumption 14 is that the pressure over the reactor's length remains
constant. This assumption is generally used in one-dimensional models al-
though in actual fact the pressure in a packed bed reactor may vary consid-
erably. Even so, the pressure drop often may not significantly affect the
kinetic results. Sufficient work in this area has been done so that methods
of predicting the pressure drop are readily available (23, 24).
The final assumption in Table 1 concerns the various types of idealized
operations of a reactor. These types of operation are generally not the
actual operating conditions which are incurred, but many times may be closely
approximated.
Table 1 is certainly not a complete list of the assumptions that are
used in a reactor's analysis, but it does include those assumptions most
often made. As has been expounded upon by a great many authors, the use
of any or a number of these assumptions is entirely dependent upon the
purpose of the analysis and the time and resources available for the analy-
sis, and the results obtained must be viewed with consideration of the
assumptions made.
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1.7 Runaway Stability Criteria
There exist at the present time a number of stability criteria that
have been developed over the period of the last 25 years which fall under
the three categories of stability discussed. Some of these criteria will
be considered individually with those pertaining to reactor runaway being
discussed first. -
1.7.1 Wilson's Criterion
One of the first to put forth a stability criterion was Wilson (9).
Using a steady-state analysis, he assumed there was no resistance to heat
or mass transfer in the radial direction, no axial transfer of heat and
mass other than by bulk flow, no radiation effects, and the catalyst parti-
cle temperature was the same as that of the fluid temperature. The reaction
rate was assumed to be of the following general form:
--fir
= Kaf(c)
•
F(T> 1 ' 1
where the reaction rate can be considered to be dependent only upon the
concentration of one reactant and the temperature. The temperature depen-
dence can be expressed by the well known Arrhenius form. The corresponding
heat balance over a differential volume of the reactor is:
dc
u
4U
f
. VS dT 1.2
dt HD<}> u V H dx
where
c = reactant concentration
U = overall heat transfer coefficient of the wall
H = heat of reaction
D = reactor diameter
A = void fraction
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T = fluid temperature
T = coolant temperature
V = linear velocity of fluid
t = time
x = axial direction
a = catalyst activity
S = volume heat capacity
A = activation energy/gas law constant
K = reaction velocity constant
By substituting equation 1.1 into equation 1.2, the equation describing
the reactor becomes:
where the temperature dependence of the reaction rate is the familiar Arrhenius
expression. Differentiation of equation 1.3 with respect to c and resubsti-
tuting the result back into equation 1.3 gives:
J.
i± 1)- K-"A/T f,(c))dT = T V'-'dc \dx/ ""*c \ vw / f
dc " 4U_ / 2)
+
AVS_dT_
Wilson used this equation to establish his criterion by noting that when
the denominator approaches zero the temperature in the reactor is extremely
sensitive to small fluctuations of c. The criterion for instability was then:
o 4U dx
or in the usual form presented in the literature,
T-T
o R'T U6
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where the temperatures are expressed in absolute degrees and their position
of occurrence is at the hot-spot of the reactor, that is, the point where
— =0. From the inequality 1.6 it is then possible to determine an upper
dx
temperature limit for the hot-spot temperature in the reactor. It is of
interest to note that Wilson developed his criterion entirely from an analy-
sis of the equation used to describe the reactor. No solution for the tem-
perature and concentration profiles in the reactor was necessary.
1.7.2 Gee et al. Criterion
With the advent of digital computers another approach to establishing
stability criteria became available. Gee et al. (13) used a steady-state
one-dimensional reactor model to simulate an actual reactor. By repeatedly
solving the model's equations for a large range of parameter value's, they
were able to determine the regions of instability for the particular reactor
model and the values of the parameters at which the reactor would become
unstable. In this way, they were able to considerably improve the actual
reactor's operation while establishing a criterion for stable operation.
1.7.3 Hoelscher's Criterion
Hoelscher (5) attempted to establish a general criterion based on a
time-dependent analysis of a two-dimensional energy balance equation. By
assuming a form for the heat generation function, 8,(t), that is the energy
liberated by chemical reaction, he was able to eliminate the coupling of
the mass and energy equations which normally exist and was able to describe
the reactor by the following equation.
1.73t
,
3t K / 32 T 1 3t\ , .
IT + u IT = 72 I 71 +— Tf 8 i (T)R \ 3p p 3p/
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In this equation
% = dimensionless temperature
6 = time
u = linear velocity
x = axial distance
K = thermal diffusivity
,
R = reactor radius
p = dimensionless radial position
A = cross sectional area
In addition to the assumption of a form for the heat generation func-
tion, it was also assumed the gas phase temperature and solid surface tem-
perature were equal at all times, heat transfer in the axial direction by
conduction could be neglected, and that the temperature profiles along the
reactor were similar and varied only by a constant scale factor. The tem-
perature profile was chosen to be of the form:
x(6,x,p) = t (8,x) • f(p) 1.8
m
By noting that
/
A
f(p)dA
7 " y constant
Hoelscher was able to integrate equation 1.7 and arrive at
St 3t Kt X /,B,(T)dA 1.10
m u m
_
m A 1
38 3x „2 .
YR a
where
/AB 1
(t)dA 1.11
A m
is defined to be the instability integral. The subscript m refers to the
axial temperature.
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Equation 1.10 defines a time- temperature-axial position surface in
space. To complete the analytical solution it was then necessary to esta-
blish a form for both the temperature profile and the heat generation
function. By assuming the reactor to be adiabatic and
T-T
t =
W
= t (9,x)f(p) 1.12
1 m
w
with
f(p) = A + Bp + Cp 2 + Dp3 1.13
and using the boundary conditions at the reactor's axis and wall, the temper-
ature profile was found to be:
t = x
m
(l-3p 2+2p3 ) 1.14
A heat generation function was then chosen as:
Hm = <xe"E/R
' T
1.15a
Kt) = -=— exp
w
_E 1
R'T ' t+1 1.15b
This function corresponds to a zeroth-order reaction. An exact solution of
the instability integral, equation 1.11, was not possible but an approximate
solution was obtained. A time-temperature relationship resulting from equa-
tion 1.7 is given by:
T dx
e
-
'*'
^(7Tm m
o
Using the approximate solution of the instability integral in equation
1.16 another approximate solution for the 6—T relationship was obtained.
m
Typical results for this relationship are shown in Figure 1 for three sets
of parameters. The stability criterion then becomes: if a is large the
18
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Fig. 1. Hoelscher's stability diagram
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operation is likely to be unstable, that is, the time required to reach
undesirable temperatures is short, if a is small then the reactor will
likely be stable, that is, considerable operation time is required before
undesirable temperatures are incurred.
The general nature of Hoelscher's criterion makes it possible to con-
sider more complex heat generation functions and reactor wall conditions,
but the solutions for such cases become considerably more difficult. The
usefulness of this criteria is very limited. It has little significance
beyond zero-order reactions because of its inability to give either quanti-
tative or qualitative information concerning reactor stability. Even in the
case of zero-order reactions the heat generation function does not adequately
take into account the reactant concentration. This is apparent in the infi-
nite increase of heat generation even though the reactant concentration may
have become zero.
1.7.4 Harriotts Criterion
Another method which can be used to predict when a reactor will be
stable was presented by Harriott (14). This method is based on a two-
dimensional steady-state model for the reactor which assumes axial heat
conduction can be neglected and the temperature difference between the
fluid and catalyst particles is small and thus has no effect on the reaction.
The reactor is also assumed to operate with a constant wall temperature, T .
For given kinetic and heat-transfer data the suggested method can be
applied to determine whether a reactor with a specified diameter can be
operated without the danger of reactor runaway. The analysis is focused at
the axial hot-spot in the reactor. An additional simplifying assumption can
be made in cases where radial temperature gradients are not extremely large.
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For such cases it is possible to represent the reaction rate at the hot-spot
as a function only of the temperature at the axis of the reactor. Kith this
assumption, Harriott made a heat balance on an annular element where the
hot-spot temperature occurs. The heat balance is given by
2
d T
_1_
dr
1.17
where
r = radius
R = radius of the reactor
k = effective thermal conductivity
e
H = heat of reaction
T = temperature of fluid
a » reaction rate at the axial hot-spot temperature
Integration of equation 1.17 over the reactor radius then gives
4k
R
2
=
aH
(T - T ) 1.18
where
T = axial hot-spot temperature
T = fluid temperature at the wall
A heat balance at the wall then results in the following equation
¥R
2
aH = 2-nRh (T -T ) .1.19
w r w
where
T " wall temperature of the reactor
w
h = wall heat transfer coefficient
w
If in equation 1.18 the temperature difference (T - T ) is small then
the use of a as a function only of the axial hot-spot temperature is justified
and reasonable results can be expected from the following criterion of
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stability. Equations 1.18 and 1.19 can be used to eliminate T which is
unknown and to calculate a value for T . To check the stability of the
w
reactor the above process is repeated assuming a slightly higher value for
T and calculating a new value of T . The reactor will then be stable if
c
° w
the new wall temperature is higher than the previous value calculated.
Physically, this means that the rate of heat removal is greater than the
rate of heat generation and the reactor will thus be stable to small fluc-
tuations in the operating conditions.
Some further mention of the expression used for the reaction rate is
necessary. Obviously, sufficient kinetic data must be available to account
for the temperature and concentration dependence of the reaction before any
stability analysis can be made.
Assuming this is available, the form assumed for a will be dependent
upon the physical situation existing in the reactor. If (T - T ) is large
the assumption of a as a constant is not justified and some other form must
be used to account for the temperature gradient in the radial direction.
However, as pointed out by Harriott, because of the simplicity injected
into the calculations by assuming a constant it is always the form to assume
first. Even with large (T - T ) differences it may supply enough informa-
tion to predict stability.
1.7.5 Barkelew's Criterion
Probably the most general method available for predicting packed bed
reactor runaway stability was developed by Barkelew (1). Using a one-
dimensional model Barkelew made use of a linearized Arrhenius expression in
order to develop dimensionless parameters which could describe steady state
reactor stability in terms of the dimensionless parameters rather than
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definite values of the variables used in forming the parameters. In this
way a general stability criterion resulted which could be used for designing
stable reactors.
Barkelew's analysis includes the following assumptions.
1. Transport of heat and mass in the axial direction other than by
bulk flow can be neglected.
2. Resistance to heat transfer in the radial direction is insignifi-
cant compared to the resistance at the tube wall.
3. The reaction rate is a unique function of the fluid properties.
4. The dependence of the reaction rate on composition is expressible
in terms of the concentration of a single component.
5. The temperature of the fluid and the catalyst are the same.
The fourth assumption restricts the analysis to single reactions, a
point which definitely limits the criterion's use but does not effect its
validity for the general case of single reactions.
The steady state equations for the reactor are:
(-AH)R - AU(T-T ) - C G ~ = 1.20
w p dz
R + G 4s 1.21dz
where the wall temperature is assumed constant over the reactor's length.
The nomenclature in this work corresponds to that found in the appendix of
this thesis. For convenience the reaction rate expression was represented
by
R = kf(c)eYT 1.22
with
2
R'T
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1.23
k = k e -Ww 1.24
instead of the usual Arrhenius form
R = k f{c) e
"E/E ' T 1.25
o
Barkelew suggests that the form given by equation 1.22 can be fitted to the
reaction-rate data nearly as well as the Arrhenius form. As will be seen,
the use of equation 1.22 greatly simplified later analysis and its use does
not severely limit or alter the stability analysis.
The following transformations can then be used to make equations 1.20
and 1.21 dimensionless.
C = C (1-X) 1.26
o
R = x ke
YTw (1-X) g(X)e T 1.27
1.28
1.29
1.30
1.31
where
w y
G
c
keYTw
2U
rC ke
yTw
P
(-AH)xoY
C
P
2
r
1.32
R = x keYTw for X = 0, T = T 1.33
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The jacket temperature, T , has been assumed to be constant in this
work. The function g(X) was introduced to allow for reaction-rates other
than first-order. Sarkelew considers two forms for g(X) as follows:
g(X) = (1+aX) i- 343
g(X) = (1+BX)" 1 l-34b
where a=B=0 for first-order reactions. The following table presents the
various values of a and 6.
Equations 1.20 and 1.21 in dimensionless form are:
-41- " S(l-X) g(X) e
T
- NT 1-35
d;
-&- = (i-x) g(X) e T 1-36
dC
Further manipulation of these equations results in the following equa-
I
tions:
dt
_
. Nte"
T 1 - il
dX
b (l-X)g(X)
dt e'
T
.
1-38
dX (l-X)g(X)
Equation 1.37 alone can now be used to investigate the thermal stability
of the reaction system as the length dependence has been eliminated by the
manipulations. The variables, x, X, and ?, and the dimensionless parameters
N and S in the above equations can be identified with the following physical
meanings as pointed out by Barkelew.
1. t is a dimensionless temperature whose scale is determined by the
temperature dependence of the reaction rate. It is zero when T = Tw
and a
unit increase of t increases the reaction rate by a factor e.
2. X is the dimensionless conversion, zero at the inlet and unity when
all the reactant is converted.
Table 2. Kinetic parameter values for Barkelew's stability criterion
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Reaction a e
First-order
Second-order
Auto catalyzed
Product-inhibited,
Reactant-inhibited
Fractional-order
-1 <_ a <
a >
B >
-1 < B <
1
reaction
order
I Special consideration must be given to cases of fractional-
order reactions as pointed out by Barkelew (1).
26
3. C is the dimensionless length defined as the ratio of the reaction
rate per unit volume at X = 0, t = to the space velocity, i.e., ratio of
mass velocity to length.
4. S is a parameter which gives the value t would reach if the inlet
temperature were the same as the jacket temperature and if the reactor was
operated adiabatically.
5. N/S is a parameter which expresses the ratio of the rate of heat
transfer per unit volume at I = 1 to the rate of heat generation per unit
volume at t = 0, X 0.
Barkelew numerically integrated equations 1.37 and 1.38 over an exten-
sive set of parameter values, varying N, S, T , a, and S. A typical set of
results is shown in the following figure where t = 0, B = a = 0.
Contained in this figure is ' the basis of the stability criterion devel-
oped by Barkelew. The solid curves for the various values of S form an
envelope which is shown as the dashed curve drawn tangent to the "knee" of
the S curves. No curve can penetrate below this envelope and it can thus be
used to define stability. The physical significance of the envelope shows
that above the tangent to the envelope X is extremely sensitive to small
changes of N/S while below the tangent T is relatively insensitive. The
envelope then separates the range of parameter values where stable thermal
operation occurs from the corresponding unstable range. This fact led
Barkelew to suggest the following stability criterion.
"A reactor is stable with respect to small fluctuations if its maximum
temperature is below the value at the tangent to the envelope described."
As Barkelew pointed out, the choice of the model, the reaction rate expres-
sion, and the nature of the envelope construction all tend to make this a
conservative criterion.
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Once the stability envelope has been drawn it is then possible to deter-
mine the physical parameter values which can be safely used in reactor design
for an actual set of conditions. For example, an acceptable reactor diameter
can be determined when the activation energy, heat of reaction, flow rate,
etc. , are given.
Even with its limitations and conservative nature, the generality of
this stability criterion allows it to be used for a large variety of specific
cases. This is a feature not common to the previously discussed criteria.
1.7.6 Froment's Comparison
The stability criteria which have been discussed all contain a number of
assumptions. A question of considerable importance then is how much and in
what way do the assumptions made concerning the reactor model effect the re-
sults of the analyses? A more specific question to which a great number of
researchers have sought the answer is, how accurately does a one-dimensional
model represent the physical situation as compared with a two-dimensional
representation? Several recent publications have considered this question
and its importance to a stability analysis of reactor runaway. Froment (2)
noted that Barkelew T s (1) one-dimensional steady-state stability criterion
is conservative for the reasons stated previously, i.e., the criterion is
based on the construction of an envelope and the reaction rate expression
used was forced into a convenient form. Froment then considered a complex
oxidation process using both one- and two-dimensional models. For a given
reactor design and inlet reactant concentration, the value of the inlet tem-
perature which caused reactor runaway was then calculated by repeated numer-
ical integrations of the heat and mass balance equations, incrementing the
inlet temperature until the reactor finally experienced runaway. This trial
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and error type analysis was done for both the one- and two-dimensional cases.
From the results Froment was able to conclude several things. First, the
one-dimensional model failed to predict the mean temperature obtained from
the two-dimensional results except under "mild" conditions, and further, the
one-dimensional values were always lower than the two-dimensional mean tem-
perature for the cases of exothermic reactions. However, in spite of the
temperature discrepancy the one-dimensional model predicted the inlet temper-
ature which caused runaway within five degrees, a prediction which Froment
considers excellent. A further conclusion was that the one-dimensional model
can be used for initial studies of reactor design, but the final calculations
should be carried out using a two-dimensional model.
1.7.7 Marek and Hlavacek's Criterion and Comparison
Another recent work concerned with the comparison of one- and two-
dimensional models was contributed by Marek and Hlavacek (11, 12). In this
work, the authors present a comprehensive study of packed tubular reactor
runaway stability and parametric sensitivity for the one- and two-dimensional
cases. Unlike Froment, they consider a simple A—*B first-order irreversible
reaction. Although they do not use Barkelew's (1) stability criterion as a
basis for defining stability they do include a comparison of the limiting
values for the reactor radius determined using their one- and two-dimensional
model results, Barkelew's criterion, and results from the work of Frank-
Kamenecky (35).
As a basis for determining reactor stability Marek and Hlavacek use the
following inequality for the one-dimensional model simulation:
dQ dQ 1-39
r
> S
dT dT
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where
Q = net rate of heat removal from reactor volume
element
Q = rate of heat generation in reactor volume
element
T = temperature
If the inequality holds true the reactor will not be extremely sensitive
to temperature changes and hence stability will be achieved for the rate of
heat removal exceeds the rate of heat generation. The form of the inequality
was established by making a steady-state energy balance on an element of
volume dV of the reactor. This balance can be given by
Gc T
A
S + r*(-Q)dV = Gc (T
A
+dT
A
)S + 2R
2
K(T
A-Tc
>dL 1.40
where
G = mass velocity
c heat capacity
T.= temperature at the axis of the reactor
S = cross-sectional area
r*= reaction rate
Q = heat of reaction
R_= reactor radius
K = overall heat transfer coefficient
T = temperature of cooling medium
L = axial coordinate
By differentiating equation 1.40 and modifying the authors were able to
obtain for the inequality 1.39
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(-Q)-
dr*
dT
2K_ +p
(d2VdL2 >
Rj c„ (dT A /dL)
~P —A'
When the reaction rate is given by
r* = A (f./i) C, exp(-E/RT t)
1 A r o
1.41
1.42
where
A = frequency factor
f. = dimensionless concentration
t = dimensionless temperature T/T
o
C. = inlet value of reactant A
A
o
p density
E = activation energy
R = gas law constant
T = inlet temperature
substitution of equation 1.42 into 1.41 yielded on further modification
R
2
C
A P o
(-Q)A 1
2T K
o
(E/RT )-T df^dz
f
l
+
di/dz
exp
- R2Gc (d2 r/dz 2) 1.43
< 1
2KL (dT/dz)
Equation 1.43 then gives the condition a reactor with no radial temperature
gradients must fulfill in order to maintain stability.
For the two-dimensional model simulation no inequality such as 1.43
above was available to the author so stable operation had to be estimated
by a slightly different method. This was accomplished by noting that when
the rate of heat generation in the two-dimensional model, this inequality
still defining stability, there will.be no accumulation of heat at any point
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in the radial direction. This fact implies that the radial temperature
profiles are smooth parabolic curves which do not possess an inflection
point. However, when unstable operating conditions exist in the reactor
the rate of heat generation will exceed the heat removal rate at every point
in the reactor except in the vicinity of the wall. Since the heat generated
cannot be removed rapidly enough in the interior section of the reactor the
radial temperature profile will possess an inflection point due to the heat
accumulation in the center portion of the reactor. The existence of an
inflection point in the radial temperature profile then indicates a high
parametric sensitivity of the reactor and unstable operating conditions.
Using the two criteria to establish stable operating conditions for the
one- and two-dimensional models the authors were then able to make a compar-
ison of the results obtained from the two models. The reliability of the
comparison must be questioned, however, in view of the fact that two dif-
ferent criteria were used to establish the stable operating conditions.
For the comparisons to be completely valid would require the use of a single
stability criterion to establish the operating conditions for both models.
Such a flexible criteria is not yet available to the knowledge of this
author, so that when viewing the results of the comparisons made by Marek
and Hlavacek this fact must be taken under consideration.
The results of the comparison for the first-order reaction under stable
operating conditions exhibited close agreement between the axial temperature
profile for the one-dimensional model and the mean axial temperature profile
obtained from the two-dimensional model. The axial concentration profiles
were found to be identical and for the two-dimensional model the concentra-
tion was almost invariable in the radial direction. In an investigation to
determine the limiting value of the .reactor diameter based on stability
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considerations the values obtained from the two models were in very close
agreement. In checking the values established using Barkelew's (1) cri-
terion and the criterion of Frank-Kamenecky (35) for the same case the
authors found that Barkelew's limiting value was somewhat more conservative
followed by a considerably smaller limiting value given by the method of
Frank-Kamenecky. From this investigation the authors concluded that
Barkelew's criterion could be used for a first approximation of the limit-
ing reactor diameter, but that additional investigations are needed in the
vicinity of this approximation to establish more accurately the parameter
values which limit $ < 1. The final determination must be made on the
basis of the two-dimensional model, however, by repeated solution decreas-
ing the diameter until no inflection point in the radial temperature profile
I
is observed.
The authors also investigated the effect of the inlet temperature on
the comparisons of the two models. For the case studied the limiting values
of the inlet temperature were found to be within two degrees Centigrade for
the two models, an agreement which must be considered excellent.
Further parametric sensitivity checks of the one- and two-dimensional
models lead the authors to the general conclusion that for laboratory- and
production-scale reactors which are generally operated under stable condi-
tions with a margin for safety the one-dimensional model can give sufficient
results to be used for simulation purposes, but for optimization work, gen-
erally at the pilot-plant level, the two-dimensional model should be used.
This conclusion does not differ significantly from the conclusions made by
other workers in this area of stability, but the model comparisons made by
the authors provide more justification for the use of the simpler one-
dimensional model. t
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1.7.8 Fraser's Comparison
A third work on the comparison of one- and two-dimensional models was
recently completed by Fraser (22) in which the simulations were done with
an analog computer rather than a digital computer. The reaction system used
was a hydrocarbon oxidation process which was highly exothermic and whose
mechanism consisted of eight primary and secondary reactions. The necessary
material and energy balance equations for a one-dimensional model resulted
from making the usual assumptions associated with this model, and including
the additional assumption of a constant wall temperature. The one-dimensional
model was then used to determine the ranges of operating variables over which
the reactor behavior was sensitive and to indicate where more detailed inves-
tigations were needed.
A two-dimensional steady-state model was developed assuming a flat
velocity profile, constant average molecular weight, the perfect gas law,
and negligible axial heat conduction and taking into account both heat and
mass transfer in the radial direction. The reactor radius was separated
into four discrete sections, giving rise to a set of four partial differ-
ential equations for both the material and energy balances. Each reactor
section was treated as a volume with a uniform temperature located at the
center of the section with respect to the radius. The accuracy of the solu-
tion for this type of computational scheme is thus directly related to the
number of discrete sections into which the radius is divided.
Having developed the one- and two-dimensional models and determined the
ranges of operating conditions to investigate, Fraser then conducted a com-
parison between the two models varying the inlet temperature, wall tempera-
ture, and the catalyst activity. As a result of the comparison, Fraser was
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able to make an adjustment of the heat transfer coefficient in the one-
dimensional model so that the results more nearly equaled those of the two-
dimensional model. This adjustment is essentially the same as considered by
Froment (2, 6) and others who found it necessary to build up an "overall"
heat transfer coefficient for one-dimensional models in order to accurately
compare results with a too-dimensional model.
With this adjustment of the heat transfer coefficient Fraser found that
the conversion curves from both models were practically identical. The
temperature profiles from the one-dimensional case was found to be nearly
the same as the mean temperature profiles from the two-dimensional model.
The yield curves were also very similar for both models.
Fraser used the catalyst activity in the form of the relative activity
discussed previously. He assumed that the activity of the catalyst was
uniform throughout the catalyst bed and investigated relative activities of
1.0, 0.75, and 0.50. For the relative activities 0.75 and 0.50 Fraser varied
the inlet temperatures in order to determine the necessary increase required
in the inlet temperature to offset the decline in catalyst activity in order
that the conversion remain constant. He determined that the temperature
sensitivity of the lower activity cases was not as great as for the case
with a relative activity of 1.0. That is, the temperature difference be-
tween the inlet temperature and the hot-spot temperature for relative acti-
vities of 0.75 and 0.50 were considerably less than for the case of a rela-
tive activity of 1.0. Physically, this means the temperature profiles are
flattened out and do not possess as large an axial temperature derivative
in the first sections of the reactor, thus making it less temperature sensi-
tive and more easy to control. To this author it also suggests that for the
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reduced activity cases the reactor could be operated at still higher inlet
temperatures with better conversions resulting and still maintain stable
operation. Fraser, however, does not consider this possiblity.
Fraser concluded that the one-dimensional model could be successfully
used to determine the ranges of operating conditions of importance for de-
signing a reactor, but that the final decisions for the reactor design
should be made from the results of a more exact two-dimensional model.
1.8 Multiple Steady-State Stability
As mentioned previously, a second type of reactor stability concerns
the possible existence of multiple steady-state operating points. Although
a number of papers pertaining to this field are available, the principal
work in relating this type of stability consideration to packed tubular
reactors can be attributed to Amundson et al. (15, 16, 17, 18, 19). The
investigations made by Amundson are based on a study of the transient equa-
tions describing a packed tubular reactor. Because the transient behavior
of the reactor was investigated it was necessary, in order to account for
temperature differences which exist between the catalyst particles and the
fluid, to include equations for describing the catalyst particle behavior in
addition to the reactor material and energy balances. This lead to a set of
four coupled equations, a mass and energy balance for the catalyst particle,
and a mass and energy balance for the volume element of the reactor. Amundson
made the following assumptions concerning the reactor model:
1. No radial transfer of either heat or mass.
2. Axial transfer other than by forced convection could be neglected.
3. Uniform velocity profile over the cross section of the reactor.
4. Temperature effects on the velocity could be neglected.
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5. Heat and mass transfer resistances for the catalyst can be lumped
at the surface.
The model was thus one-dimensional and the reactor was assumed to oper-
ate adiabatically (17). (Later investigations made by Amundson et al. have
also considered non-adiabatic operation (18) and the effects of axial mixing
on the adiabatic case (19). The procedures followed in all these investiga-
tions are similar to those used in the basic case of adiabatic operation and
will thus not be considered in this review.) The equations were numerically
integrated after specifying initial particle and fluid conditions and fluid
inlet conditions.
In packed tubular reactors multiple steady-state operating points have
been shown to exist only for individual catalyst particles. That is, a single
catalyst particle under given conditions may possess three different tempera-
tures which fulfill the steady-state operating equations of the reactor. This
is not to say, however, that multiple states exist for all packed tubular
reactors.
The existence or nonexistence of multiple steady-state operating points
was found to have a somewhat similar relationship between steady-state heat
generation and heat removal functions as that described originally by Van
Heerden (3) and investigated by Amundson et al. (15, 16) for stirred tank
reactors and empty tubular reactors. The only major difference between the
packed tubular reactor relationship and the relationship for stirred tank
reactor was that in the case of packed bed reactors the heat generation and
removal terms are a function of the catalyst particle temperature rather than
the fluid temperature. Figures 3. a and 3.b show the two types of steady-state
relationships which can exist. The Q curve is the heat generation curve
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Fig. 3. a. Unique operating points
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Fig. 3.b. Multiple operating points
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and the Q curves the heat removal curves. Each Q line represents a constant
fluid temperature. Figure 3. a represents a reactor system in which multiple
steady-state points do not exist for the catalyst particles. That is, for
any Q there is only one point of intersection with the heat generation curve,
Q . This point is the steady-state temperature for the catalyst particle
for the fluid temperature represented by the Q line. Thus, for this case the
catalyst particles all have unique steady-state temperature values.
Figure 3.b represents a reactor system in which multiple steady-state
points are possible for the catalyst particles. In this case some of the
heat removal lines, Q , intersect the heat generation curve, Q , at three
different points. Thus for these Q lines there exist three discrete temper-
atures for the catalyst particles which satisfy the steady-state model
equations.
It is in cases such as that illustrated in Figure 3.b that the local
stability of the points to small perturbations is of importance. For cases
in which multiple steady-state temperatures exist for some catalyst parti-
cles, the stability of each point in the set of three possible points can
be determined by the criterion set up by Amundson et al. (17). This cri-
terion states basically that at any point of intersection in order to have
local stability for that point, the slope of the heat removal line must be
greater than the slope of the heat generation curve. This can be expressed
dQj dQ
IX
1.4*
dt dt
P P
where t is the particle temperature. Amundson et al. (17) have shown that
the inequality is a necessary and sufficient condition for local stability.
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Referring again to Figure 3.b it is obvious that for any of the Q lines
which intersect Q in three points that the middle point of intersection
is an unstable state and the two outside intersections are stable states.
The steady-state operation point which will be achieved after start-up
of the reactor is dependent solely on the initial conditions of the catalyst
bed. Thus the temperature profiles for both the fluid and catalyst and the
conversion profile are also dependent on the initial conditions. The effect
of the initial conditions on the steady-state temperature and conversion
profiles can be obtained by solving the transient equations with different
initial conditions.
A recent Russian publication by Boreskov and Slin'ko (10) contains a
review of stability criteria in this area which has been completed by Russian
authors. The work appears to be similar to that which has been completed by
Amundson et al. and discussed above.
1.9 Parametric Sensitivity
The third area involved in stability studies is parametric sensitivity.
It is apparent from the previous stability discussions that parametric sen-
sitivity is an integral part of those stability considerations. Generally
parametric sensitivity is taken to mean that there are sets of conditions
where thermally the reactor is extremely sensitive to small changes in the
operating conditions yet not unstable in the senses discussed previously (15,
16, 24). A typical illustration of this sensitivity was given by Amundson
et al. (16). In this paper the influence of the wall temperature on the
temperature profile in a tubular reactor was investigated. It was shown
that for a certain range of all temperatures the axial temperature profile
was extremely sensitive to any small change of that variable. Likewise there
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existed a range of wall temperature values where the sensitivity was much
less pronounced. A parametric sensitivity study discerns for a given para-
meter or parameters the ranges of values for which the reactor is thermally
sensitive from those in which it is insensitive.
Numerous articles concerned with parametric sensitivity exist for packed
tubular reactors (2, 12, 17, 18, 19, 22). Among the parameters most often
investigated are heat transfer coefficients, inlet temperatures, wall temper-
atures, flow rates, reactor diameters, and catalyst particle diameters.
I. 10 Selection of a Stability Criterion
A brief reiteration of the purpose associated with this thesis is now
in order. The purpose was twofold. First it provided a procedure for deter-
mining an operational policy for
;
the inlet temperature while operating near
the limit of runaway stability when the catalyst has undergone deactivation.
Second it supplied basic information which is to be used in a later study on
developing an optimum catalyst activity profile for increasing the level of
conversion.
In order to achieve these goals some criterion was necessary for the
determination of stable and unstable conditions. There were two obvious
paths which could have been followed, one being the development of such a
criterion to meet the needs of the situation. As an alternative choice an
already developed criterion could be selected and modified to meet the
necessary demands. The latter of these possibilities was chosen in order
to eliminate considerable work which would have been necessary to develop
and validate a new reactor runaway stability criterion.
In making the selection of a stability criterion four properties were
felt to be of principal interest from the standpoint of the purpose of the
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investigation. First the criterion must be well established. Second the
criterion must be of a general nature in order to accommodate the investiga-
tion of large ranges of values for the several parameters of interest. In
particular it had to be adaptable for use with the relative catalyst activity
as a parameter. Third the results obtained through its use must adequately
and accurately represent the physical system within the limitations inherent
in the choice of a reactor model. Fourth the computational efforts required
by the criterion choice should be as simple as possible while remaining within
the bounds set by the above considerations. Such an ideal criterion probably
will never exist, but it was felt by this author that the criterion developed
by Barkelew (1) came the closest to fulfilling all four of the demands. This
criterion was considered to be the most general of all the criteria existing
in spite of its limitation to use in single reaction systems. It was also
readily adaptable for the catalyst activity study to be undertaken in this
thesis. The accuracy of the results obtained by Barkelew and others (2, 12)
using this criterion has been shown to be consistently conservative, yet
giving a relatively good approximation of the limiting parameter values for
stable reactor operation. The computational effort required by using this
criterion was also considered "reasonable" as large ranges of parameter
values can be investigated using a single stability envelope as opposed to
the continual use of the stability criterion associated with the* other
available criteria. The limitation of this criterion to single reaction
systems in no way hindered the intended investigation as it was felt that
investigating a simple single reaction would be more beneficial in isolating
the effects of changes in activation energy, heat of reaction, and catalyst
activity than using a complex reaction system. To have considered a complex
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reaction system involving more than one heat of reaction or activation
energy would only serve to confuse the study.
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II. The Development of the Study
This section includes the assumptions and the reactor model equations
which are used in the stability criterion. Following that the types of
activity profiles investigated and equations describing them are presented.
Then, the steps in the mathematical procedure used in developing the sta-
bility criterion are described. Finally, the equations and parameter values
of the reactor model used to illustrate the investigations are presented and
discussed.
II. 1 The Model and Assumptions
In line with the objectives set forth in the introduction a simple one-
dimensional steady state reactor model was chosen for the investigations.
The necessity for a stability criterion and the reasons for selecting
Barkelew's criterion (1) were given in section I. 10. However, as catalyst
activity was not considered in his investigation, some additional assumptions
are necessary. The assumptions Barkelew used were presented in section 1.7.5
but will be repeated here.
The assumptions are:
1. Negligible axial transport of heat and mass by diffusion.
2. Resistance to radial heat transfer in the bed is small compared
with the resistance at the wall.
3. The reaction rate is a unique function of fluid properties.
4. The composition dependence of the reaction rate can be expressed
in terms of the concentration of a single component.
The additional assumptions necessary are:
5. The catalyst activity decay is very slow and can be considered
independent of time.
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6. The activity can be expressed as a factor in the reaction rate
expression.
7. The maximum operating temperature is set by runaway stability.
(That is catalyst damage and selectivity are assumed to be independent of
temperature.)
Most of the assumptions were discussed generally in the introduction.
Some additional comments can be made, however, with reference to their effect
on the stability criterion. Much of the following discussion concerning the
first four assumptions comes from Barkelew's work (1).
The first assumption is based on theoretical and experimental investi-
gations (2). In addition it is a necessary assumption from a computational
viewpoint. Barkelew pointed out that the numerical procedures would be too
lengthy if the assumption were not made. However, under stability limited
operating conditions it might be expected that axial heat and mass transfer
by diffusion becomes significant. Its neglection, though, makes the stabil-
ity limited conditions conservative. This can be seen by examining a typical
exothermic reaction temperature profile. In the area of the hotspot temper-
ature, if axial heat conduction were significant it would cause additional
heat transfer out of this area. This would tend to smooth out the temperature
profile and result in a less sensitive reactor. The assumption, therefore,
leads to a conservative criterion.
The second assumption implies no radial temperature variation. It is
a necessary assumption for a one-dimensional model, but hardly ever an accu-
rate description. Even its use for obtaining the average bulk temperature
has been questioned (2). Nevertheless, the stability limited values pre-
dicted by Barkelew's criterion using this assumption have been shown to be
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conservative, but in "excellent" agreement with two-dimensional predictions
(2, 12, 22).
Assuming the reaction rate is a unique function of the fluid properties
can basically be taken to mean the catalyst particle temperature is the same
as the fluid temperature. Earkelew pointed out that at steady-state this
assumption is generally valid as heat conduction through direct particle
contact is generally not important.
The fourth assumption does not effect the validity of the criterion but
limits its use to single reaction systems.
The fifth assumption was necessary in order to make a steady-state
analysis. It implies that the rate of catalyst deactivation is very much
slower than the product-forming reaction. This would correspond to reactors
having long operational times before shutdown for regeneration is necessary.
The sixth assumption follows readily from the previous one. It is the
generally used form for the catalyst activity under steady-state conditions
(9, 22).
The last assumption was discussed in section 1.5. It is really more of
a limitation than an assumption as it limits the nature of reaction systems
which can be investigated by the model. It was necessary, however, to limit
the computational effort associated with this work.
II. 2 Activity Profiles
Three types of steady-state profiles for the catalyst activity were
investigated. They are:
1. Uniform Profiles
2. Negative Sloped Profiles
3. Positive Sloped Profiles
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The profiles are illustrated in Figure 4. Linear profiles were assumed to
facilitate the computations. As pointed out in the introduction they roughly
approximate uniform poisoning, poisoning by a consecutive side reaction
mechanism, and poisoning by a parallel reaction mechanism respectively.
For uniform profiles the relative activity appears as a constant in the
reaction rate expression in accordance with assumption six above. The acti-
vity for the sloped profiles is given by the equation of a straight line
a = a - mz 2.1
o
m < o for positive slopes
m > o for negative slopes.
For the negative sloped profiles the activity at the reactor inlet,
a was always assumed to be unity. Likewise for the positive sloped pro-
o
files, the activity at the outlet was always assumed to be unity. The
slope, m, was determined by the length of the reactor and the inlet and
outlet activity conditions being investigated.
II. 3 Equations for Developing the Stability Criterion
The equations which are used to develop the stability criterion are the
same as used by Barkelew (1) except that the reaction rate expression was
modified to incorporate the catalyst activity in accordance with assumption
six. The Appendix contains the derivations of all the principal equations
used in this thesis. The final dimensionless equations are:
at e'
T 2.2
dX a(l-X)g(X)
dT _ H t e"
T 2.3
dX S a(l-X)g(X)
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Fig. 4c. Typical Positive Sloped Activity Profile
Fig. 4. Activity profiles
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The stability analysis can be made using Equation 2.3 alone while Equation
2.2 can be solved to obtain the axial length dependence if it is desired.
II. 4 Application of the Equations
The variables in Equation 2.3 are T and X, the dimensionless temperature
and conversion. The parameters are N, S, a, the reaction order (see Section
1.7.5), and t , the inlet condition for t. Among these parameters there is
o
a very large number of combinations which could be investigated. Barkelew
(1), for example, investigated 750 combinations, none of which included the
catalyst activity as a parameter. In this thesis catalyst activity was used
as a parameter with the reaction rate restricted to first-order and with T
o
assumed to be zero for all cases. This corresponds to setting g(X)=l in the
reaction rate expression and setting the reactant inlet temperature equal to
the reactor wall temperature. The steps followed in establishing the sta-
bility criterion for any different pair of these parameter values is exactly
the same as that used here.
The procedures used in this thesis for the uniform activity profile
cases are basically the same as those used by Barkelew (1) . For the sloped
activity profile cases a minor alteration of procedure was necessary and is
discussed at a later point in the thesis.
A certain amount of qualitative information about the maximum axial
temperature can be obtained from Equation 2.3 by setting dx/dX=0. Doing
this yields the following equation
a(l-X )
T e
-Tmax = max 2 4
(N/S)
where g(X)=l. Equation 2.4 can then be used to plot the locus of the maxi-
mum temperature. Figure 5 shows the results Barkelew obtained using a=l.
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Figure six shows similar results with a uniform activity of a=0.70. Several
points concerning these curves are of interest. First consider Figure 5 and
the dashed reaction paths marked "1" and "2". The ratio of N/S=2.0 is con-
stant for both paths. Path "1" shows that the temperature increases until
the path intersects the maximum temperature locus. The temperature then
begins to decrease. In path "2" however, the temperature continues to in-
crease indefinitely because the path does not intersect the maximum temper-
ature locus. Path "2" would be considered unstable while path "1" would be
considered stable. For some value of S between 16 and 32 there is thus a
limiting value of S above which the reactor is unstable and below which it
is stable. Figure 6 shows the same type of phenomena for a=0.70 and a con-
stant N/S=l ratio. Thus for any reaction path the temperature increases
until the path intersects the corresponding N/S locus. At that point the
temperature must begin to decrease.
Barkelew pointed out in Figure 5 that if N/S=3 it is very unlikely for
an unstable operation to occur. The only possibility is when the inlet tem-
perature, t , is greater than the upper intersection point of the N/S=3 locus
with the ordinate axis. In Figure 6 the loci have been shifted further to
the left than in Figure 5. As a result when N/S=2 the locus shows that the
only possibility for unstable operation is again an inlet temperature greater
than the upper intersection point.
The effect of a lower catalyst activity is in general to increase the
stability of the reactor operation. Further evidence of this can be seen
in Figures 7 and 8. The loci in these figures are for constant N/S ratios
with the catalyst activity as a parameter. Figure 7 shows the loci for
N/S=2. There is an appreciable shift of the loci towards the left as the
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activity decreases. The figure shows that for t =0 stable operation of the
reactor always occurs if a
_< 0.70.
To establish a stability criterion, Equation 2.3 must be integrated
repeatedly while varying the parameters N and S. It is evident from Figure
5 that values of N and S which result in N/S > 3.0 do not need to be investi-
gated. A criterion is valid, however, only for the form of the activity pro-
file used in the investigations. Therefore a large number of the numerical
integrations were necessary to obtain criteria for each case of catalyst
activity investigated.
Typical results of the integrations are shown in Figures 9 and 10. The
dimensionless length relationship in these figures was obtained by numerically
integrating Equation 2.2 in conjunction with Equation 2.3. The figures show
the two possible types of temperature profiles corresponding to the situation
shown in Figures 5 and 6. Figure 9 shows the temperature profile going
through an actual maximum. The maximum corresponds to the point of inter-
section with the locus of the maximum temperature for N/S=1.50, S=16.0, and
a=0.80. Figure 10 shows that when N/S=1.5, S=32.0 and a=0.80 there is no
real maximum in the temperature profile. The temperature continues to rise
as long as there is any reactant to be converted. The value of i at 100
percent conversion, however, will be considered a maximum point for use in
the stability criterion.
If x /S is plotted versus N/S for various values of S the family of
max
curves which result have an envelope below which no curve penetrates. This
was shown by Barkelew for cases where the activity was not considered. He
pointed out that since the envelope occurs very near to the "knee" of each
S curve, it can be used to define a stability criterion. This principle also
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holds true when using the activity as a parameter. A typical stability
envelope is shown in Figure 11. The significance of the envelope can.be
seen by examining the point of tangency of the envelope and one of the S
curves. A value of I above the value at the tangent point shows the
max ° r
maximum temperature to be very sensitive to small changes of N/S. For
values of T below the tangent value, the maximum temperature is insensi-
max b * r
tive. The points of tangency then define the regions of stability and in-
stability. This lead Barkelew to make the following proposition: "A reac-
tor is stable with respect to small disturbances if its maximum temperature
is below the value at the point of tangency." He also noted the following
points concerning the proposition. First a reactor is not necessarily un-
stable if the proposition is not fulfilled. Second the positioning of the
envelope is arbitrary. Third the point of tangency when S is 8 or less is
uncertain. However, reactors with small S values are unlikely to run away
so the uncertainty becomes unimportant.
A more desirable form for the "stability envelope" is obtained by
plotting the N/S values at the points of tangency versus the corresponding
S values. This is illustrated in Figure 12 where S is plotted as the
abscissa on a semi-log plot. Figure 12 gives a continuous curve of
(N/S) vs. S so that the stability criterion can be applied for any
tang * trr j
value of S rather than the discrete values given in Figure 11. Figure 12
is then used as a basis for determining the stability limited values for
designing or operating a reactor. Figure 12 is valid only for the form of
activity used in its construction and the additional restrictions of t =0
o
and g(X)=l. For conditions other than these a stability criterion can be
developed using the same procedure, but with the desired conditions.
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In this thesis figures such as Figure 12 were used to determine an
operating policy for the inlet reactant temperature. For an already exist-
ing reactor system all the parameters which form the N and S dimensionless
groups are fixed except the wall temperature and the inlet concentration of
reactant. Using a family of curves similar to the curve in Figure 12, with
the catalyst activity as a parameter it was possible to construct a rela-
tionship between the limiting wall temperature and the inlet concentration.
Further, from the condition t =0, the reactant inlet temperature is equal
to the wall temperature. Thus the relationship between the inlet temperature
and inlet concentration at the limit of runaway stability was determined.
These relationships are presented in detail in the following three sections.
The computer programs which were used in the above procedures are pre-
sented in the Appendix.
II. 5 Example Reactor System
To check the results of the above work an example reactor system was
constructed. The reaction used was an irreversible first-order reaction
k'
This simple reaction is not without industrial significance however.
Oxidation of SO and naphthalene and the synthesis of NH and CH OH are
examples of industrial reactions which can be approximated by such a form.
The reaction rate constant and the parameter values that were used in the
example are given in Table 3. It is felt by this author that the values
are realistic and reasonable.
A one-dimensional steady-state reactor model with a constant wall tem-
perature was used and the assumptions made previously in this section still
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Table 3. Kinetic and parameter values for the example reactor system
Reaction Mechanism:
k'
k' = k' exp(-E/R'T) moles /kg cat-hr*
r k'ax (1-X) moles/kg cat-hr
1.987 cal/gm-mole K
Ink' = 15.70
o
Reactor Parameters:
/
Catalyst Activity - a
Reactor Diameter - d = .036 m
Mean Molecular Weight - M =29.48 gm/mole
Catalyst Bulk Density - p_ 1300. kg/m
Mass Flow Rate - G = 7000.0 kg/m -hr.
Fluid Heat Capacity - c =0.25 cal/gm- C
Overall Heat Transfer Coefficient - U = 73.0 kcal/m -hr- K
Catalyst Particle Diameter - d = ,003 m
P
* See the Appendix for explanation of the units, Section XI. 3.
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apply. The derivation of the material and energy balances is included in
the Appendix. The final dimensionless equations for the system are:
-#- h *»
where
B, - p. d M /Gx. 2.7
1 B p m A
B, = 1000.0(-AH)d p„/Gc 2.8
2 p B p
F = 4Ud /Gc d 2.9
p p t
T-T 2.10
C
A ' -
C
A
o
C
A
2.11
r„ - k'x, (1-X) 2.12
O A
o
The boundary conditions for the equations are:
X - 0.0 | 7=0.0 2.13
t = 0.0 @ 7=0.0 2.14
The reactor wall temperature is assumed to be constant over the entire length
of the reactor.
Equations 2.5 and 2.6 were numerically integrated by a Runge-Kutta
scheme. The integrations were carried out using nine different combinations
of the heat of reaction and activation energy. Activation energies of 10,000,
20,000 and 30,000 calories per mole and heats of reaction of 25,000, 50,000
and 100,000 calories per mole were used.
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For each of the nine combinations an operational policy for the stabil-
ity limited inlet temperature and concentration was determined by the methods
of Section II. A. These stability limited inlet values were used in Equations
2.5 and 2.6 to obtain temperature and conversion profiles for each case.
The conversion profiles were then used to determine the effect of reduced
catalyst activity on the final conversion. In order to check the accuracy
of the inlet temperature and concentration values obtained using the "sta-
bility envelope", Equations 2.5 and 2.6 were also integrated with a slightly
higher value for the inlet temperature.
The results of these studies for the three types of activity profiles
are presented in detail in the following three sections.
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III. Uniform Activity Profiles
In this section of the thesis the "stability envelopes" and the opera-
tional policy for the inlet temperature are calculated for cases where the
activity is assumed uniform along the entire reactor length. The operating
policy was then applied to the example reactor system and the results pre-
sented graphically.
III.l Results for Uniform Activity Profiles
The activity in this part of the work was assumed constant throughout
the reactor bed. Uniform activities of 1.0, 0.95, 0.90, 0.85, 0.80, 0.70,
0.50, 0.30, and 0.10 were investigated for heats of reaction of 25,000,
50,000, and 100,000 calories per mole and activation energies of 10,000,
20,000, and 30,000 calories per mole. Figure 13 gives an outline of the
possible graphical results obtainable from the numerical integrations.
Because of the large number of parameter combinations available only repre-
sentative plots of the results will be presented here.
Figures 14, 15, 16, and 17 show the "stability envelopes" for activities
of 1.0, 0.70, 0.30 and 0.10 respectively. The effect of decreasing the acti-
vity can be seen in the shift of the envelope towards the origin in these
figures.
Figure 18 is a plot of the values of N/S at the points of tangency of
the envelopes and the "knees" of the S curves. The point of tangency when
S is 8 or less is arbitrary as discussed in Section II. 4. This fact is
visible in Figure 18 where irregularities appear in the curves for S<6. The
curves for S^6, however, were taken to be accurate within + 0.025 of the
value of (N/S) ^ as will be shown at a later point in this section,
tang
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From the curves of Figure 18 the critical values of the inlet tempera-
ture and inlet mole fraction were calculated. The procedure is included in
the Appendix, Section XI. 2. Figures 19, 20, 21, and 22 show the results of
these calculations for an activation energy of 20,000 calories per mole and
relative activities of 1.0, 0.70, 0.30 and 0.10.
The effect of a decrease in the catalyst activity can be seen more
easily in Figures 23, 24, and 25. In these figures the critical value of
the inlet temperature has been plotted verses the activity with the inlet
mole fraction held constant. The figures are for an activation energy of
20,000 calories per mole and heats of reaction of 25,000, 50,000 and 100,000
calories per mole respectively. Figure 26 is a semi-log plot of Figure 23.
It shows that the critical inlet temperature approximates an exponential
increase as the activity decrease's.
Figures 19 through 25 thus define an operational policy for the stabil-
ity limited inlet temperature as a function of the uniform catalyst activity.
This policy was applied to the example reactor system discussed in Section
II. 5. The reactor equations, Equations 2.5 and 2.6, were numerically inte-
grated using the critical values of the inlet temperature and inlet mole
fraction. Again three values of the activation energy and three values of
the heat of reaction were investigated for inlet mole fractions ranging from
0.015 to 0.200. Typical temperature and conversion profiles are shown in
Figures 27, 28 and 29.
For all parameter combinations with uniform activity it was observed
that the temperature profiles experienced a hotspot temperature before
reaching the reactor outlet at z = 600. This dimensionless reactor length
corresponds to an actual length of 1.8 meters. For small inlet mole fractions
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of reactant the hotspot occurred in the early sections of the reactor and
for the larger inlet mole fractions it occurred in the later sections. The
temperature difference, T-T
,
at the hotspot for the small inlet mole frac-
o
tions was generally ahout twice that of the large inlet mole fractions.
The effect of decreased catalyst activity on conversion for the stabil-
ity limited operational policy is shown in Figures 30, 31 and 32. One point
of interest in these figures is the increased conversion which was obtained
with a decreased activity. In terms of the operational policy this means
it is possible to offset the activity decrease by an increase of the inlet
temperature and still maintain a comparable or an increased level of con-
version. This would certainly be a major consideration in adopting any
operating policy. .
The peculiar shape of the curves in these figures is difficult to
explain in a distributed system such as this. There appears to be a simi-
larity in a trend towards a relative maximum of the conversion in most cases.
However, because the activity is decreasing and the inlet temperature is
increasing, it can be expected that the temperature sensitivity of the
system is also changing. It is felt there is not sufficient evidence
available to draw unwarranted conclusions concerning the existence of an
optimum conversion because of three principal reasons. First, the graphical
nature of the stability criterion introduces the possibility of graphical
error into the inlet temperature operating policy. Second, the operating
region being considered is extremely sensitive to small temperature changes
and the effect on the conversion at the reactor exit to small temperature
variations could be altered by several percent. Third, the relationship
between the reaction rate and the temperature is highly complex because of
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the nonlinearity introduced by the Arrhenius expression.
In order to approximate what effect graphical errors might have on the
conversion, an estimate of the graphical error which might be present was
made. To do this required returning to the "stability envelopes" and esti-
mating the maximum error possible in plotting the envelope and determining
the values of (N/S) . The error in determining (N/S) for S>6 wastang tang —
taken to be +0.025. Conditions where S<6 were not used in any of the calcu-
lations. Using (N/S) + .025, the corresponding critical values of Ttang o
and x were calculated and plotted. The results show that this error re-
o
suits in a maximum error in the predicted T of +0.50 C. This error is the
o —
error which occurs with the graphical prediction of T . It is not the error
which might exist between the predicted T and the actual critical inlet
temperature. The effect of the +0.50 C error in the inlet temperature on
the conversion is shown in Figures 33, 34, and 35. Increased conversion was
again obtained with a reduced activity compared to the maximum conversion
obtained for a relative activity of 1.0.
Although the stability criterion is known to be conservative (1, 2, 12),
it was found that reactor runaway occurred in a large number of cases when
T +5 C was used as the inlet temperature. A typical case is shown in Figure
36. The prediction of the critical value of the inlet temperature to within
a 5 to 10 degree range of the actual critical temperature must be considered
a good approximation (2) . It also provides a safety factor in choosing an
inlet temperature so that fluctuating operating conditions will not cause
instability.
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IV. Negative Sloped Activity Profiles
This section of the thesis is similar to the preceding section except
that negative sloped activity profiles have replaced the uniform activity
profiles. Stability envelopes are calculated and used to determine the inlet
temperature operational policy for the example reactor system. The opera-
tional policy and the conversion results are presented graphically.
IV. 1 Results for Negative Sloped Activity Profiles
In reactors where a poisoning side reaction occurs in series with the
main product forming reaction, the catalyst would not be expected to exper-
ience uniform poisoning throughout the bed. Generally the catalyst will be
poisoned to a greater extent near the reactor exit where the product concen-
tration is the greatest, hence a larger poisoning reaction rate. A linear
activity profile was adopted in this work to facilitate the computations.
The activity at the reactor inlet was assumed to be unity for all cases of
the negative sloped profiles investigated. Activity conditions at the reactor
exit of 0.90, 0.70, 0.50, 0.30, and 0.10 were investigated.
To calculate the stability envelopes for the above cases a slightly
altered procedure from that used for the uniform activity profiles was neces-
sary. For the uniform activity profiles the relative activity is not a
function of the reactor length and Equation 2.3 could be used to determine
the stability envelopes. For sloped activity profiles however, the relative
activity is a function of the reactor length as given by Equation 2.1. The
introduction of the length dependence into Equation 2.3 for these cases re-
quires the simultaneous integration of Equations 2.2 and 2.3 to account for
the length dependence. For this case, Equations 2.2 and 2.3 become
where
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dc
=
e 4.1
dX (1-X)(a -Br.)
dt Nte 4.2
dX (1-X)(a
-Be)
mG
4.3
keYTw
is an additional dimensionless parameter introduced with the inclusion of
the slope of the activity profile. The derivation of these equations is
given in the Appendix, Section XI. 4. Since B is a function of T , its value
cannot be calculated directly until the critical value of T has been deter-J w
mined from the stability criterion. Thus it is necessary to use a trial and
error procedure for determining the desired value of B and hence the correct
stability envelope for a given set of activity conditions at the reactor
inlet and exit. Following are the steps used in the trial and error calcu-
lations :
1. For a =1.0, use Equations 4.1 and 4.2 to calculate stability
envelopes for various assumed values of B.
2. From the stability envelopes plot (N/S) versus S for the
'
r r tang
various values of B.
3. With the results of Step 2, calculate and plot the critical values
of T =T and x, for each value of B.
o w A
o
4. Using the results of Step 3 plot T versus B for various x values.
o
5. Using Equation 4.3 calculate B as a function of T or T and plot
the results on the plot of Step 4. The value of m in Equation 4.3 can be
determined from the inlet and exit conditions of the activity and the example
reactor length, L.
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6. The points of intersection of the curves of Step 4 and the curve
of Step 5 give the critical values of T for the corresponding x values.
o
The above steps are illustrated in the following figures. Figure 37 is the
stability envelope for B=1.0. The stability envelope for B=0.0 corresponds
to the stability envelope for a uniform activity profile with a=1.0 and
shown previously in Figure 14. Additional values of B which were used are
0.50, 1.50, 2.00, 2.50 and 3.00. These are not shown, but are similar to
Figure 37.
Figure 38 is the graph of the points of tangency, (N/S)
,
versus
tang
the corresponding values of S. The curves for B=0.50 and B=2.50 are not
shown in the figure but lie between B=0.0 and 1.0 and B=2.0 and 3.0
respectively.
Kith points from Figure 38 the critical values of T and x. were cal-
o A
o
culated for the various values of B. The calculation procedure is explained
in the Appendix, Section XI. 2. Figures 39 and 40 show the typical results
of this calculation for an activation energy of 20,000 calories per mole.
From the family of curves illustrated by Figures 39 and 40 the critical
inlet temperature can be plotted versus B while holding the inlet mole frac-
tion, x
,
constant. This is shown in Figure 41 by the curves labeled BA
o
act
Equation 4.3 was then used to calculate the value of B as a function
of T , since T =T , for various values of m. These curves are labeled as
o wo
B
„~i,. in Figure 41. The points of intersection of the B and the B ,ca±c act calc
curves are the critical values of the inlet temperature for the corresponding
mole fraction. They define an operating policy for the inlet temperature
for negative sloped activity profiles. Figure 42 is the operating policy
for an activation energy of 20,000 calories per mole and a heat of reaction
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of 25,000 calories per mole. Similar figures were constructed for heats of
reaction of 50,000 and 100,000 calories per mole with an activation energy
of 20,000 calories per mole. The operating policies for these cases are
shown in Figures 43 and 44 for the indicated parameter values. It is of
interest to note that the critical value of the inlet temperature approxi-
mates a linear increase with the decrease of the exit activity in these
figures.
As in the previous section the results of the stability limited opera-
tional policies were applied to the example reactor system. Figures 45, 46
and 47 show typical temperature and conversion profiles for the parameter
combinations indicated. In these figures the hotspot temperature occurs
closer to the reactor entrance than it did when uniform activity profiles
were used. It was also observed that as the heat of reaction was increased
the hotspot moved toward the exit of the reactor. The magnitude of the tem-
perature difference, T-T
,
remained unchanged as the heat of reaction was
varied. It was again found that the magnitude of (T-T ) increased as the
inlet mole fraction was decreased, but the increase was not as great as it
was for the uniform activity profiles.
The effect on the conversion in the example reactor system when negative
sloped activity profiles were used is shown in Figures 48, 49 and 50. These
figures correspond to an activation energy of 20,000 calories per mole and
heats of reaction of 25,000, 50,000 and 100,000 calories per mole respectively.
It is apparent from the figures that increased conversion can not be obtained
with negative sloped activity profiles. Further the figures show that as
poisoning decreases the activity it is not possible to increase the inlet
temperature enough to counteract the loss of activity. The result is a loss
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of conversion because of poisoning even when operating at the stability
limit of the reactor. More will be said about the apparent reasons for the
decrease in conversion in Section VI. It can be concluded at this point,
however, that for a physical system which could be approximated by a linear
negative sloped activity profile, the operating policy generated above would
generally not be acceptable. The above results suggest frequent regeneration
of the catalyst before severe poisoning is incurred. Such a policy would
depend on economic factors associated with each particular case and is not
in the scope of this work.
Figure 51 shows that although the stability criterion is conservative
it predicts the critical value of the inlet temperature to within a 5 to
10 C range of the actual critical value. It is felt that Figure 51 and
similar such cases validate the trial and error procedure used in determin-
ing the critical operating policy for the inlet temperature.
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V. Positive Sloped Activity Profiles
In this section positive activity profiles are treated in a manner
similar to that used in the preceding section for the negatively sloped
activity profiles. An operational policy for the stability limited inlet
temperature was developed from the stability envelopes and then applied to
the example reactor system. Representative results are presented in graph-
ical form.
V.l Results for Positive Sloped Activity Profiles
Reactor systems in which catalyst deactivation occurs as the result of
a poisoning reaction in parallel with the main reaction will generally ex-
perience a greater degree of catalyst poisoning near the reactor inlet. This
will also be the case when a poison is introduced with the reactants.
The procedures used in determining the stability limited inlet tempera-
ture operating policy are identical to those of the previous section with
two changes. One of these concerns the conditions set for the activity at
the reactor inlet and exit. The relative activity at the reactor exit was
assumed to be unity for all cases considered. Relative activities of 0.70,
0.30 and 0.10 were investigated for the inlet activity condition.
The second change appears in the form of a constraint on T which it
was found necessary to impose when numerically integrating Equations 4.1
and 4.2. For the negative sloped activity profiles, the dimensionless
temperature, t, experienced a maximum during the early part of the activity
profile. When the inlet activity was decreased considerably, however, it
was found for a great many combinations of N and S that r possessed no real
maximum. Rather, T continually increased along the activity profile. In
these cases, the maximum value of t was taken to be its value when the
114
activity profile reached unity at the reactor exit. Physically this means
that the reduced activity at the reactor inlet retarded the reaction rate
to such an extent that no appreciable reaction occurred until the later
stages of the activity profile.
Incorporating these two changes into the trial and error procedure
described in Section IV, stability envelopes were constructed for values
of B ranging from zero to minus five. B takes on minus values in these
calculations to remain consistent with the defining equation, Equation 2.1,
for the linear activity profiles. A series of stability envelopes was
necessary for each inlet activity condition. The envelopes presented here
are for a = 0.30. Similar results were obtained for a =0.70 and a = 0.10,
o o o
but have not been included.
j
Figures 52 and 53 are stability envelopes for B= -2.00 and B= -4.00
with a * 0.30. It is readily apparent that the shape of these envelopes
is somewhat different than those in the previous sections. This difference
can be attributed to the constraint on t described above. To see this more
clearly Figure 54 was constructed to show the relationship between the point
at which t was achieved and the ratio of N/S for the various values of S.
max
In this figure £ = . 35 corresponds to the reactor length at which the acti-
vity reaches unity, i.e. the reactor exit. A real maximum for x occurs only
on the portions of the S-curves which lie to the left of t = .35. Any point
on L ~ .35 corresponds to an artificial t at the reactor exit. Thus in
max
Figure 52 the stability envelope is forced into a convex curve by the ex-
treme dependence on the reactor length exhibited by the S-curves for S=2,
4, and 8. A similar phenomena exists for all the stability envelopes con-
structed with positive sloped activity profiles.
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The convex nature of the envelopes effects the stability criterion by
making it more conservative in some regions and less conservative in others.
In Figure 52 the points of tangency of the S-curves and the envelope for
S > 16 are positioned very near the extremely sensitive temperature region.
The tangency points for S<16, however, appear to have experienced an opposite
effect, i.e. they have been shifted into an insensitive temperature region.
In Figure 53 all points of tangency have been shifted to the right away from
the very sensitive temperature regions of the S-curves. These effects are
shown in Figure 55, the plot of the stability envelopes for the various
values of B.
In Figure 55 the curve labeled B=0.0 is the stability envelope which
corresponds to the uniform activity profile with a relative activity of 1.0.
The value of B decreases as the slope of the activity profiles increases in
correspondence with Equation 2.1. As B decreases, the effect of the convex
stability envelopes becomes increasingly more noticeable. The curves for
B—A. 00 and B=-5.00 show the most severe effect. Each of these two curves
intersects the other and the B=-2.00 and B=-3.00 curves at two different
points. For values of S^8, however, the validity of these curves must be
questioned. This can be seen from Figure 53 where the points of tangency
are arbitrary for S _< 8. To exclude the possibility of large graphical
errors, values for S<8 were not used in the remaining work.
Operating policies for the stability limited inlet temperatures were
generated for the three conditions of the inlet activity in the usual manner.
Combinations of an activation energy of 20,000 calories per mole with heats
of reaction of 25,000, 50,000 and 100,000 calories per mole were used.
Figure 56 shows the critical inlet temperature as a function of the inlet
mole fraction for B=-2.00 and a =0.30. This plot corresponds to Step 3
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of the trial and error procedure In Section IV. Figure 57 shows the corre-
sponding results for B=-4.00 and a =0.30. Similar curves were constructed
for all the other combinations of B and a , but have not been shown.
o
Using the results of the critical inlet temperature curves for a
given inlet activity condition, the critical inlet temperatures were
plotted as a function of B with the inlet mole fraction as a parameter.
These are shown in Figure 58 for an inlet activity condition of 0.30 and
a heat of reaction of 25,000 calories per mole. The points of intersection
of these curves with the B , curve then define the critical inlet temp-
calc
erature operating policy for the given conditions of the inlet activity
and heat of reaction. Similar figures were also constructed for the other
combinations of the inlet activity and the heat of reaction, but are not
shown. The curves in Figure 58 correspond to Steps 4 and 5 of the trial
and error procedure.
The final critical inlet temperature operating policies were con-
structed using the points of intersection from Figure 58 and other similar
figures. The operating policies are shown in Figures 59, 60 and 61 for
heats of reaction of 25,000, 50,000 and 100,000 calories per mole. In
these figures the critical inlet temperature has been plotted as a
function of the inlet activity condition with the inlet mole fraction as
a parameter.
In these figures it appears that the inlet temperature increase gen-
erally lies somewhere between an exponential and linear increase of the
decreasing inlet activity. In Figure 59 the curve for an inlet mole fraction
of 0.075 shows a considerably different behavior than the others because
under the given conditions complete conversion of the reactant is attained
122
330.
320
210
200
—f-=o
—
o
lOQ-l.o
E=20,000 cal/mole
a =0.30
o
B=-4.00
-AH-100,000 ^~ -AH=50,000 ^-
mole mole
-AH=25,000 cal
mole
Stable
.10 .20 .30
Inlet Mole Fraction
.40
Fig. 57. Critical inlet temperature operating policy for B -4.00 and a = 0.30
123
350
___ .
, —
,
~, . ,
—
r , , .
—
Positive Sloped Profiles
T -0
g(X)=1.0
i ' ' ..-.
b
;calc
340
a =0.30
o
E=20,000 cal/mole J
1
330
-AH=25,000 cal/mole /
Length=1.8 m. /
320
310
act / It
x, =0.050 y \
o -— J3C0
290 1
B / /
1
act / / 1
280 xA
-0.075 T"** ^*S U J
o All
270
B
. / /act / I / 1
1
x. =0.100 ^ / /A // / 1
° b
,
y//art sf / /260
B „ xA =.125
""" / / /act ao / jr /
250
X, —U.IjU ^^^^ ^ J^ /
° b
* / yact f ^*0*^
x. =0.175 /
O /240
Exit Activity=1.0
230
220 i 1 1 1 1 i i
Fig. 58. Critical inlet temperature versus B and B , for a = 0.30
' act calc o
12A
E=20,000 cal/mole
—llr..-——
.-T ... .. ., ,
350
-AH=25,000 cal/mole '
Exit Activity=1.0
.
340
L=1.8 meters /
330 /
320
310
. /
300
• A, =0.075jr A
^r o
290 ^^^
280 ^^^^-""""^
x A =0.100A
o
270
x, =0.125
A
o
260 ^ ^^^^~~~~
x. =0.150
A
o
250
___^-^
_^_^.
' x, =0TT75
A
1 1 * I
240
•
1.0 .90 .80 .70 .60 .50 .40 .30 .20 .10
Activity at the Reactor Inlet
Fig. 59. Effect of the inlet activity condition on the critical inlet
temperature for -AH = 25,000 cal/mole
125
260
250
3 240
230
220 •
210
———
—
1 1 1 1 r
E=20,000 cal/mole
1 1 » T ,.,.,...
'.
-AH=50,000 cal/mole '
Exit Activity=1.0
L=1.8 meters .
x A =.075A
o
~
x A =.100A
o
^_____-
x A =.125 _^^
"a^———'
x. =.150 _^
A __- '
o^——
—
,
— x A =.175 ^
o^--^
^^^—-~~~
^^^
- .... 1 1 1 1 l_ 1 i i i
1.0 .90 .80 .70 .60 .50 .40 .30 .20 .10
Activity at the Reactor Inlet
Fig. 60. Effect of the inlet activity condition on the critical inlet
temperature for -AH = 50,000 cal/mole
310
300
290
280
270
260
250
240
230
220
210
200.
E=20,000 cal/nole
-AH=100,000 cal/mole
Exit Activity=1.0
L=1.8 meters
126
1.0 .90 .80 .70 .60 .50 .40 .30 .20 .10
Activity at the Reactor Inlet
Fig. 61. Effect of the inlet activity condition on the critical inlet
temperature for -AH • 100,000 cal/mole
127
before runaway can occur.
The operational policies were then applied to the example reactor sys-
tem. Figures 62, 63 and 64 are typical temperature and conversion profiles
which result from the operating policies for the indicated parameter com-
binations. Figures 63 and 64 in particular demonstrate the effect that the
convex stability envelopes have on the operational policy. , In Figure 64
the reaction rate is retarded at the reactor inlet to such a degree that no
appreciable conversion takes place until near the exit. Both of the tem-
perature profiles in Figures 63 and 64 increase continually until the reactor
exit at 1. =600 is reached. The temperature profile of Figure 64 also demon-
strates another interesting point, that is, the temperature is beginning to
increase very rapidly near the reactor exit. If the reactor was any longer
the temperature might be expected to cause runaway because of this rapid
increase. This type of behavior was observed in a number of cases with the
inlet activity considerably less than unity. To further demonstrate this
behavior and its effect on stability Figure 65 was plotted. Two things can
be shown with this figure. First it shows that the stability criterion was
able to predict the critical inlet temperature within a ten degree range of
the actual value. Second it exemplified the above discussion in that the
curve for T =255. 5°C could be treated as the critical profile for a reactor
o
with a dimensionless length of approximately z=450. Any increase of reactor
length would result in reactor runaway. It can be said then that temperature
profiles of the type exhibited in Figure 64 are of an unstable nature, but
reactor stability is maintained because the reacting mixture leaves the
reactor before runaway can occur.
The conversions which were obtained at the reactor exit for the parameter
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combinations investigated are shown in Figures 66, 67 and 68. It can be
concluded from these figures that the operational policies could be used
to maintain approximately the same level of conversion until poisoning
has reduced the activity at the reactor inlet to somewhere between .70
and .50. When the inlet activity has dropped as low as 0.30 or 0.10 the
reaction rate in the early parts of the reactor generally cannot be increased
sufficiently to offset the deactivation without incurring reactor runaway.
Figure 66 exhibits curves with apparent optimum conversions. However,
as in the uniform profile cases, it is felt there is not sufficient evidence
available to warrant drawing conclusions concerning the possible optimum
conditions.
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Fig. 66. Effect of the inlet activity condition on the conversion at
z = L for -AH = 25,000 cal/mole
134
E=20,000 cal/raole
.70
-AH=50,000 cal/mole
L=1.S meters
Exit Activity-1.0 / \
.60
x
A
=0.050 \A \
o \
.50
.
/
.40
.30
*
^\. x
A
=0.075
.20
"-\ x„ =.100
x.=.125^^~
j
.10
.
1.0 .90 .80 .70 .60 .50 .40 .30 .20 .10
Inlet Activity
Fig. 67. Effect of the inlet activity condition on the conversion at
z = L for -AH = 50,000 cal/raole
135
' 1 1 1 1
E=20„000 cal/mole
-AK=100,000 cal/mole
L-1.8 meters
.70
Exit Activity=1.0
\x, =0.075\A
.60
.50
h3
X
< f
II
H
/
.
d
-
CD
.30 '
>
c
o
x A =0.050
—»-^ A
.20
.10
x A =0.075A
,
o
x A =0.100A
o
•
1.0 .90 .SO .70 .60 .50 .40 .30 .20 .10
Inlet Activity
Fig. 68. Effect of the inlet activity condition on the conversion of
z = t for -AH • 100,000 cal/mole
136
VI. Discussion of the Results
In the three previous sections the effect of activity on the inlet
temperature operating policy, the temperature profiles, and the conversion
for each of the three different types of activity profiles were presented.
A comparison of the composite results can be employed to determine the
effect that the type of activity profile has on the operating policy, the
temperature profiles, and the conversion.
It can be assumed that the activity profiles result either from some
form of poison deposition or from an artificially induced catalyst bed
deactivation by using inerts in place of the catalyst particles (2,8).
It was shown for uniform activity profiles that the critical inlet
temperature increases approximately exponentially with the catalyst deacti-
vation. For the linear negative sloped activity profiles the critical inlet
temperature increases linearly with the activity decrease at the reactor
exit. The inlet temperature increase for the positive sloped activity pro-
files is also approximately linear, but with respect to the catalyst activity
decrease at the reactor inlet. In Figure 69 the three inlet temperature
policies were plotted as a function of the average catalyst activity in the
reactor. For the two types of sloped profiles the rate of increase of the
inlet temperature is considerably less than for the uniform activity pro-
files. The differences in the operating policies for the sloped profiles
and the uniform profiles can be explained by the positioning of the catalyst
particles having high relative activities. For negative sloped activity
profiles the most active catalyst is concentrated near the reactor inlet.
The critical inlet temperature cannot be increased as rapidly as for the
uniform profiles because even as the exit activity condition decreases, the
activity remains high in the early section of the reactor. Too rapid an
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increase in T would result in reactor runaway early in the reactor before
o
it could be offset by the gradual decrease of activity along the reactor
length.
A similar argument can be applied in the case of positive sloped pro-
files, but in a reverse order. In this case even as the inlet activity
condition is decreased the activity near the exit remains high. Thus a
rapid reaction rate at the reactor inlet must be sacrificed in order to
maintain stability in the later sections of the catalyst bed.
In effect then, when sloped activity profiles are used a considerable
portion of the catalyst bed is rendered inefficient in order to maintain
stability. As the uniform activity profiles do not experience this effect
the inlet temperature can be increased at a greater rate as the activity of
the bed decreases.
As would be expected, the temperature and conversion profiles resulting
from the example reactor system were greatly influenced by the type of acti-
vity profile which was used. If the axial position of the hotspot temperature
is examined, it is found to depend significantly on the activity profile
type. For the negative sloped profiles the hotspot occurs a short distance
from the reactor inlet, the reason being readily apparent from the activity
profile. Because the inlet activity is always unity, no matter what the exit
condition, a rapid reaction rate occurs near the reactor inlet and then drops
off rapidly as both the activity and the reactant concentration decrease.
For positive sloped activity profiles the axial position of the hotspot
temperature, when it exists, is positioned near the reactor exit. In a
number of cases it was forced completely out of the reactor. In the early
sections of the reactor the reaction rate is retarded by the low activity
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catalyst and a critical inlet temperature corresponding to an average acti-
vity considerably higher than the actual activity. Near the reactor exit,
however, the reaction rate increases very rapidly, causing a similarly rapid
temperature increase.
The axial positioning of the hotspot temperature for uniform activity
profiles lies somewhere between the extremes corresponding to the sloped
profiles. The temperature profiles are generally flatter because the influ-
ence of increasing or decreasing catalyst activity has been eliminated.
It is interesting to note that the maximum temperature differences,
T - T , which were observed are not noticably affected by the shape of
max o
the activity profile. These temperature differences are limited by the
stability criterion and would not be expected to show much dependence on
the activity profile.
The axial conversion profiles are influenced in a manner similar to the
temperature profiles. For negative sloped profiles the conversion increases
more rapidly in the early sections of the reactor and then gradually levels
off. For positive sloped profiles very little conversion occurs near the
reactor inlet, but as the exit is approached it experiences a rapid increase.
The conversion profiles for uniform activity fall somewhere between the two
extremes.
The importance of the conversion, however, is its magnitude at the
reactor exit and this magnitude is affected by the shape of the activity
profile as shown in the three preceding sections. For both cases of sloped
activity profiles using the critical inlet temperature operating policies,
the conversion at the reactor exit decreases when the corresponding inlet
or exit activity condition is much less than unity. These decreases are the
result of two related principles, the stability limitation and the shape of
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the temperature profiles Imposed by the activity profiles. As discussed
above, the stability limited operating policies for the inlet temperature
is less than for uniform profiles. This was necessary to maintain reactor
stability, but at the same time it produces inefficiency in sections of the
catalyst bed where the activity is low. In the case of negative sloped
profiles the temperature profiles drop off rapidly after experiencing a
maximum early in the bed. This rapid decrease coupled with the low catalyst
activity in the later bed sections results in little conversion in the last
half of the reactor. For positive sloped profiles the first half of the
reactor produces little conversion and the bulk of the reaction must take
place near the reactor exit. The overall result is thus a loss of conver-
sion at the reactor exit. For uniform activity profiles the temperature
throughout the reactor is limited by the stability criterion, but there is
no length effect to be considered with the activity. In these cases the
temperature profile does not experience large regions of low temperatures.
The temperature profile rises to a maximum, but the decrease after the hot-
spot is quite slow. The average temperature over the length of the reactor
is thus generally higher than when sloped activity profiles are used and
this is reflected in higher conversions at the reactor exit.
In all the activity profiles used the critical inlet temperature pre-
dicted by the stability criterion was a conservative estimate of the actual
critical value and generally was found to be within a 5 to 10 C range of the
actual critical value. However, the values for the inlet temperatures should
be considered as the best estimate of the actual critical values.
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VII. Conclusions
In conclusion a considerable amount of useful information concerning
the influence of catalyst deactivation on reactor operation near the sta-
bility limit has been obtained.
A method was presented for developing an inlet temperature operating
policy near the reactor runaway stability limit for catalyst beds experiencing
deactivation. The method was shown to predict reasonable estimates of the
critical inlet temperature within the limitations of a one-dimensional reac-
tor model.
The operating policy developed for catalyst beds experiencing uniform
deactivation showed that the inlet temperature could be increased sufficiently
to maintain a comparable level of conversion and retain reactor stability.
The operating policies for catalyst beds approximated by positive or negative
sloped linear activity profiles showed that the inlet temperature could not
be increased sufficiently to maintain a comparable level of conversion and
still insure reactor stability. Thus it appears there would be no justifi-
cation to artificially inducing either type of these profiles. However,
further work needs to be completed in this area as the development of an
optimum imposed activity profile still remains an important possibility.
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VIII. Nomenclature
The following nomenclature was used in the work of this thesis:
2 3
A = reactor surface area per unit volume, m /m
a = relative catalyst activity, dimensionless
B = -
—
, dimensionless parameter defined by Eqn 11.47
keYlw
p d Mm
B. = —=r"*" , dimensionless parameter defined by Eqn 11.36
A
1000?-AH)d„p B
c
P
n B
B„ = - " » dimensionless parameter defined by Eqn 11.37
c heat capacity of the fluid, cal./gm. C
3
C = reactant concentration, for stability criterion, moles/m
3
C. = concentration of reactant A. moles/cm
A
3
C = inlet concentration of reactant A, moles/cm
o
3
C = concentration of product B, moles/cm
B
3
C = inlet reactant concentration for stability criterion, moles/m
o
3
C = total concentration of entering stream, moles/cm
d = diameter of the reactor, m
d = diameter of the catalyst particles, m
E = activation energy, cal./mole
4Ud
F = ~
—
|
—
, dimensionless parameter defined by Eqn 11.38
°P t
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2
G = mass flow rate, kg/m -hr.
(-AH) = heat of reaction, cal./mole
3k = reaction rate constant in stability criterion, moles/m -sec
3
k = pre-exponential factor in stability criterion, moles/m -sec
k' = reaction rate constant in example model, moles/(kgcat)-hr.
k' = pre-exponential factor in example model, moles/(kg-cat)-hr.
L = length of the reactor, m
m = slope of the activity profile, m
<
Mm = mean molecular weight, gm/gm mole
2U
N * ~— , dimensionless parameter defined by Eqn 11.6
re keY w
P
R 1 = gas law constant, cal./gm mole- K
3
R = reaction rate in stability criterion, moles/m -hr.
r = reactor radius, m
r = rate of formation of B, moles/(kg cat)-hr,
D
(-AH)yx
S = , dimensionless parameter defined by Eqn 11.6
°P
T = fluid temperature, C
T = inlet fluid temperature, C
T _ = reference temperature, C
ref r
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T = reactor wall temperature, C
t - (T-T )
w
U = overall heat transfer coefficient, kcal/m -hr- K
V = axial fluid velocity, m/hr.
z
X = conversion of reactant A
x, = inlet mole fraction of reactant A
A
o
x = inlet mole fraction of reactant in stability criterion
o
z axial direction
— z '
z —
j
—
, dimensionless axial direction
a
P
f(C) function of concentration in R.
g(X) = function of concentration defined by Eqn 11.10 & 11.11
Greek Symbols:
a = reaction rate parameter in g(X) (see Table 2)
S = reaction rate parameter in g(X) (see Table 2)
E
y reaction rate parameter ~J
R*T
2
w
C = dimensionless length in stability criterion, Eqn 11.6
t = dimensionless temperature in stability criterion, Eqn 11.6
3
p bulk catalyst density, kg/m
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3
p, = fluid density, kg/m
Subscripts:
A = reactant A
A = inlet condition with reference to A
o
B product B
f = fluid
o = inlet condition
p fluid or catalyst particle
t = reactor
w = wall
z = axial direction
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XI. APPENDIX
XI. 1 Derivation of the Equations for the Modified Stability Criterion
For a one-dimensional steady state reactor model the differential
material and energy balances can be given by the following equations:
dc
Material Balance: G -r=- = -R 11.1dz
Energy Balance: c G — » (-AH)R-AU(T-T ) 11.2
p dz w
3
where R = reaction rate, moles/cm -sec
A = reactor surface area per unit volume
The reaction rate, R, can be defined as follows:
R = kaf(C)eyT
/
11.3
This form is slightly different from the Arrhenius form and can be fitted to
reaction- rate data almost as well. In Equation 11.3
Y = E/R'T
2
11.4
w
k = k e"2YTw 11.5
o
The following transformations can now be defined:
C = C (1-X)
o
T = (T-T )y
w
N =
G/keYlw
2U
re keYXw
P
11.6
s =
(-AH) CoY
c
P
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with these transformations,
R = ax keYTw(l-x)g(X)e T 11,7
where x k has units of moles per cubic centimeter per second. Equations 11.1
and 11.2 then become
dx axo
keYTw(l-X)g(X)e T
dC
x keYTw
o
||= a(l-X)g(X)e T 11.8
dT
y(-AH)x
o
ke'
yT
w(l-X)g(X)e T a AU(T-T )y
dC
c keYT« c keY^
P P
^ = Sa(l-X)g(X)e
T
-NT 11.9
where A has been set equal to 2/r', its value for a tubular reactor. The
function g(X) was introduced to allow for reactions which cannot be expressed
as first-order reactions. The two forms for g(X) as suggested by Barkelew
(1) are:
g(X) = (1+aX) 11.10
g(X) = (1+BX)"1 11.11
The length dependence in Equation 11.9 can be eliminated by multiplying
by the reciprocal of Equation 11.8. This yields:
^1 = o _ Nie"
T
11.12
dX a(l-X)g(X)
dC e~
T
11.13
dX a(l-X)g(X)
Equation 11.12 can be used for the temperature stability study. If needed,
the length corresponding to a particular X and X can be obtained from
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Equation 11.13. The boundary conditions are:
T =
at X = 11.13a
C -
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Fig. 70. Computer flow sheet for calculating the stability envelopes
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COMPUTER PROGRAM FOR CALCULATING THE STABILITY ENVELOPES
DIMENSION FL(1500) ,X(1500) ,T(1500) ,A(1500)
1 FORMAT (3F10.5)
2 FORMAT (3F15.7)
3 FORMAT (1HO)
4 FORMAT (1H1)
5 FORMAT (3FL0.3,3F14.4,F10.3,F12.4,F10.3)
6 FORMAT (7X,1HS,9X,1HN,7X,3HACT,9X,4HC0NV,11X,3HTAU,
114X,1HL,10X,3HN/S,7X,6HTMAX/S,3X,1HB)
8 FORMAT (I5.2F10.3)
9 FORMAT (5X.44HTHESE POINTS ARE FOR AN INLET VALUE OF
1 AO = ,F8.5)
READ (1,8) NN,DELX,AO
WRITE (3,4)
WRITE (3,3)
WRITE (3,9) AO
WRITE (3,3)
WRITE (3,6)
WRITE (3,3)
K=l
10 CONTINUE
READ (1,1) B,S,FN
J=l /
20 CONTINUE
DO 25 1=1,NN
FL(I)=0.0
X(I)=0.0
T(I)=0.0
A(I)=0.0
25 CONTINUE
1=1
SN=FN/S
A(l)=AO
30 CONTINUE
DELL=(EXP(-T(I))/((AO-B*FL(I))*(1.0-X(I))))*DELX
DELT=(S-(FN*(T(I))*EXP(-T(I)))/((AO-B*FL(I))*(1.0-X(I))))*DELX
FL(I+1)=FL(I)+DELL
T(I+1)=T(I)+DELI
X(I+1)=X(I)+DELX
A(I+1)=A0-B*FL(I+1)
IF (T(I+1)-T(I)) 51,40,40
40 CONTINUE
IF (A(I+1)-1. 000)45, 45, 55
45 CONTINUE
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1=1+1
IF (I-NN) 50,55,55
50 CONTINUE
GO TO 30
51 CONTINUE
IF (J-2) 52,53,53
52 CONTINUE
J=J+1
GO TO 40
53 CONTINUE
J=l
TMOS=T(I)/S
WRITE (3,5)S,FN,A(I),X(I),T(I),FL(I),SN,TMOS,B
K=K+1
1=1+1
55 CONTINUE
TMOS=T(I)/S
WRITE (3,5)S,FN,A(I),X(I),T(I),FL(I),SN,TMOS,B
IF (K-35) 56,57,57
56 CONTINUE
K=K+1
GO TO 10
57 CONTINUE
WRITE (3,4)
WRITE (3,,3)
WRITE (3, 9)
WRITE (3,,3)
WRITE (3,,6)
WRITE (3,,3)
K=l
GO TO 10
60 CONTINUE
END
AO
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XI. 2 Equations for Determining the Stability Limited Inlet Temperature and
Concentration
The critical values of the inlet temperature and concentration are
determined from the semi-log plot of (N/S) versus S in the following
manner. The parameters N and S are the dimensionless groupings
re ke' w
P
(-AH)yx
S= ^- 11.15
c
P
By fixing values for all the variables except T and x in these two equa-
tions the critical values of T and x can be obtained. The steps are aswo
follows:
/
1. Select a value for S and determine (N/S) from the appropriate
plot.
2. Fix the values for U, r, c , E, (-AH) , and k.
3. Solve Equation 11.14 for T .
4. Solve Equation 11.15 for x .
Since it was assumed the inlet temperature was equal to the wall temperature,
the desired results have been obtained.
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COMPUTER PROGRAM FOR CALCULATING CRITICAL INLET TEMPERATURE AND MOLE
FRACTIONS
1 FORMAT (2F10.2.F10.5)
4 FORMAT (F10.3,F9.5,F11.2,4F10.5)
6 FORMAT (20HUNIFORM ACTIVITY OF ,F8.5)
7 FORMAT (F10.5)
READ 7,AO
10 CONTINUE
PUNCH 6,A0
15 CONTINUE
READ 1, S.E.FNOS
CF=7.38
Q=25000.
RFRIM=1.987
FN=S*FN0S
X=FN*(10. 0**8.0)/ (4. 68*(5. 00/1. 80))
FX=LOGF(X)
TJ=((E/RPRIM)/FX)
TJC=TJ-273.00
A=TJ*TJ
C01= (S*A*CF*RPRIM) / (Q*E)
CO2=COl/2.0 /
CO3=CO2/2.0
PUNCH 4,S,FNOS,E,TJC,C01,C02,C03
20 CONTINUE
GO TO 15
END
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XI. 3 Derivation of the Equations for the Example Reactor System
For the first-order reaction
A—S-» I
r , the rate of formation of product B, has the units moles/(kg.cat)-hr
D
and can be defined as follows:
JL ^B
r
B - p
fi
dt
where
dCn 11.17
dT = kaCA •
11.16
Using the definition of X,
C
A
" C
A
o
C
A
11.18
r then becomes,
B
r
B
=
-T kaCA (1
"X) U - 19
B o
Multiplication and division by the total concentration of the entering stream
yields,
rK = -J— C„ kax, (1-X) 11.20B PB T Ao
where x. is the inlet mole fraction of reactant A.
A
o
Equation 11.20 can be written more conveniently as
r„ = k'ax. (1-X) 11.21
where
k' = -~~- C k . 11.22
P B
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The Arrhenius equation then becomes
k' = k' exp(-E/R'T) 11.23
where
k' = —— C„k
o p
fi
T o
11.24
The steady-state molar balance for product B in a differential volume
of the reactor can be written as follows
Td
t
G
x. X
4 Mm A
Trd G
x, X
z 4 Mm A
v
z+az
+ Vb— Az = °
11.25
where
G = p
f
V
z
11.26
Division by ud Az/4 and taking the limit as Az goes to zero gives:
dX P B
m
11.27
dz x, G B
A
o
In a similar manner the steady-state energy balance on the differential
reactor volume can be written as:
v
-
—r~ Gc (T-T ,)
z 4 p ref
,
.
-Trd AzU(T-T )
z+Az t w
+ T~ P B rB ( -AH)Az = °
11.28
where T is assumed constant over the length of the reactor.
2
Division by Trd Az/4 and taking the limit as Az goes to zero gives,
dT PB (
-AH)
dz Gc
4U
B d Gc
t P
(T-T )
11.29
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Defining
t I-T
w
then yields the following equation,
it. PB<-AH >
r .
«0
t U.J0
dz Gc B d Gc
P t p
Equations 11.27 and 11.30 can be made dimensionless by introducing the
transformation
11.31
z -
z
d
P
sionless equations are
dX P„d
Mm
B P
d-
z
Gx, *BA
o
dt
d pR (-AH)P B
'4Ud
P
d-
z
Gc 'B
P
d Gc
t P
11.32
11.33
The final form of the two equations is more conveniently written as
11.34
11.35
where
dX
*I "
B
l
r
B
dt
d- = B,r„ -(F) (t)
Z Z n
^^ 11.36
GX
A
o
(1000.0) (-AH)d pn
P B 11.37
Gc
P
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4Ud
F " E— 11.38
d Gc
t P
Equations 11.34 through 11.38 correspond to equations 2.5 through 2.9
in Section II. 5. The factor of 1000.0 in Equation 11.37 is an adjustment
necessary for consistent units.
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Fig. 72. Computer flow sheet for the example reactor system
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COMPUTER PROGRAM FOR THE EXAMPLE REACTOR SYSTEM
DIMENSION Z(805) ,XX(805) ,TT(805) ,AT(805) ,A(805) ,Y(805)
1 FORMAT (3X,1HI,3X,12HDIMEN LENGTH, 5X, 8HACTIVITY, 8X.4HCO
1NV.9X.7HFLUID T,9X,6HWALL T,9X,4HCONV)
2 FORMAT (3F10.5)
3 FORMAT (I5,5E15.5,F10.5)
5 FORMAT (1HO)
6 FORMAT (1H1)
7 FORMAT (F10.2.4F10.5)
9 FORMAT (2F10.5)
11 FORMAT(5X,7HPREX = ,F10.5,5X,4HU = , F10. 5,5X,5HDZ = ,F10.5)
12 FORMAT (5X.7HRHOB = ,F10.5,5X,5HDP = ,F10. 5,5X,5HDT = ,F10.5)
13 FORMAT (5X.7HM.W. = ,F10. 5,5X,9HHT CAP = ,F10. 5.5X.12HFLOR
1 RATE = , F10.5)
14 FORMAT(5X,5HAO ,F10. 5, 5X, 5HAF = ,F10. 5,5X,4HH ,F10.3,
1 5X.4HE = ,F10.3)
15 FORMAT (5X,13HINLET TEMP = ,F10.5,5X,12HWALL TEMP ,F10.5,
1 5X.18HINLET MOLE FRAC = ,F10.5)
READ (1,2) PREX.U.H
READ (1,2) RHOB.DP.DT
READ (1,2) FMM.CP.PI
READ (1,9) G.DZ
8 CONTINUE '
READ (1,7) E,AA,AF,FNAO,TO
K=l
M=l
Bl=(RHOB*DP*FMM) /(G*FNAO)
B2= (DP''<RHOB*H*1000
. ) / ( G*CP)
FM=(4.0*U*DP)/(DT*G*CP)
TW=TO
25 CONTINUE
ASLOP= (AA-AF)/600.0
DO 20 1=1,200
Z(I)=0.0
XX(I)=0.0
TT(I)=0.0
AT(I)=0.0
Y(I)=0.0
A(I)=AA-ASLOP*Z(I)
20 CONTINUE
WRITE (3,6)
WRITE (3,5)
WRITE (3,11) PREX,U,DZ
WRITE (3,12) RHOB,DP,DT
WRITE (3,13) FMM.CP.G
WRITE (3,14) AA,AF,H,E
WRITE (3,15) TO.TW.FNAO
WRITE (3,5)
WRITE (3,1)
WRITE (3,5)
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1=1
TT(1)= TO-TW
30 CONTINUE
T=TT(I)
X=XX(I)
J=0
35 CONTINUE
J=J+1
TTT=T+TW+273.
FUJI— (E/ (1 . 98*(TTT) ) )+PREX
FKK1=EXP(FLN1)
RB=FKK1*FNA0* (1 . 0-X)
GO TO (40,41,42,43),
J
RUNGE-KUTTA NUMERICAL INTEGRATION
40 FK1-B1*A(I)*RB*DZ
FL1=(B2*A(I)*RB-FM*T)*DZ
X=XX(I)+FKl/2.0
T=TT(I)+FLl/2.0
GO TO 35
41 FK2= B1*A(I)*RB*DZ
FL2=(B2*A(I)*KB -FM*T)*DZ
X=XX(I)+FK2/2.0
T=TT(I)+FL2/2.0
GO TO 35
42 FK3= B1*A(I)*KB*DZ '
FL3=(B2*Z(I)*EB-FM*T)*DZ
X=XX(I)+FK3
T=TT(I)+FL3
GO TO 35
43 FK4=B1*A(I)*RB*DZ
FL4=(B2*A(I)*RB - FM*T)*DZ
DXX= (1
.
lb
.
)
*
(FK1+2 . 0*FK2+2 .0*FK3+FK4)
DTT=(1./6.)*(HJ1+2.0*FL2+2.0*FL3+FL4)
XX(I+1)=XX(I)+DXX
TT(I+1)=TT(I)+DTT
AT ( 1+1) =TT ( 1+1)+TW-TO
Y(I+1)=XX(I+1)
Z(I+1)=Z(I)+DZ
1=1+1
A(I)=AA-ASLOP*Z(I)
IF (M-5) 60,61,61
61 WRITE (3,3)I,Z(I),A(I),XX(I),TT(I),AT(I),Y(I)
M=0
60 CONTINUE
M"MH
IF (1-161) 45,45,50
45 CONTINUE
GO TO 30
50 CONTINUE
53 CONTINUE
GO TO 8
70 CONTINUE
END
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XI. 4 Derivation of the Stability Criterion Equations for Linear Catalyst
Activity Profiles
The steady-state mass and energy balance equations are:
<4§= -R 11.39dz
c G^ = (-AH)R-AU(T-T ) . 11.40
p dz w
The transformations given by Equation 11.6 can be used with
R = x
o
keYXw(l-X)g(X)a(z) 11.41
to transform Equations 11.39 and 11.40 into
d;
_
e 11.42
dX (l-X)a(z)
dr Nre 11.43
dX (l-X)a(z)
In these equations g(X)=l corresponding to a first-order reaction. The inlet
conditions are
T =
at X = 11.43a
? =
The catalyst activity is now a function of the reactor length. For a
linear profile
a(z) = a -mz 11.44
o
where a is the activity at the reactor inlet and ra is the slope of the
linear profile. In dimensionless form Equation 11.44 becomes
a <=> a„ ^— 5 • 11-45
° keYTw
where
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a(?) = a - Be 11.46
ke
yI»
Is a dimenslonless parameter. Equations 11.42 and 11.43 then become
dc m e~
T
dX (1-X)(a
-Bt)
C " 11.48
dr Nre 11.49
dX (1-X)(a
-BC)
Equations 11.48 and 11.49 must be integrated simultaneously because of
the coupling introduced by the length dependence of the activity. In addi-
tion B is a new parameter which must be varied in conjunction with N and S.
B cannot be calculated since T is not known. The case where the activity
w '
was assumed to be uniform throughout the reactor bed is a specific case of
this general form where B=0.
Since there are three parameters to vary, a slightly different procedure
was necessary to determine the critical values of the inlet temperature and
inlet mole fraction. The procedure can be outlined as follows:
1. Construct "stability envelopes" for several values of B.
2. Plot the (N/S) versus S curves for each value of B.
tang
3. From the plots of Step 2 calculate and plot the values of the
critical inlet temperature versus the critical inlet concentration.
4. Plot the inlet temperature versus B with the inlet concentration
as a parameter.
5. For the desired activity slope, m, in Equation 11.47, a value can
be calculated for B as a function of the inlet temperature.
168
6. Plot the values for B calculated in Step 5 on the plot of Step 4.
The point of intersection of the two curves is then the desired critical
value of B, inlet temperature, and inlet mole fraction.
The introduction of the additional parameter greatly increases the
amount of work required to obtain the critical T and x. values.
o A
o
It is also possible to treat other forms of the activity profile in a
similar manner.
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Fig. 73. Computer flow sheet for determining the value of the parameter B
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COMPUTER PROGRAM FOR DETERMINING THE VALUE OF PARAMETER B
1 FORMAT (3F10.3)
2 FORMAT (5F10.5)
5 FORMAT (5X.4HG - ,E12. 5.15HMOLES/SQ CM SEC)
6 FORMAT (5X.10HK PRIME = ,F10. 3 .16HMOLES/CUB CM SEC)
7 FORMAT (5X.9HLENGTH = ,F10.3,2HCM)
8 FORMAT (2F7.3,2F10.2,F10.A,F10.3
> F8.2,F10.4)
9 FORMAT (2F15.2.F15.5)
10 CONTINUE
READ 1,G1,FKP,FL
READ 9,E,H,R
AMW=29.48
G=(G1*1000.)/(AMW*3600.*10000.)
15 CONTINUE
PUNCH 5,G
PUNCH 6.FKP
PUNCH 7.FL
20 CONTINUE
READ 2,AO,AF,XAO,TO,BA
FM=(AO-AF)/FL
TTT=TO+273.0
GAMMA=-E/ (R*TTT)
BC=(FM*G)/(FKP*EXP(GAMMA))
;
PUNCH 8,AO,AF,H,E,XAO,TO,BA,BC
25 CONTINUE
GO TO 20
END
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ABSTRACT
In this thesis a method is presented for determining the stability
limited inlet temperature operating policy for a packed tubular reactor
experiencing catalyst deactivation. The catalyst deactivation can be
considered to be the result of poison deposition or as having been induced
by artificial means. Three types of axial activity profiles were considered:
uniform activity throughout the bed, negative sloped activity profiles, and
positive sloped activity profiles. An operating policy was determined for
each of these. An example reactor system was used to investigate the
operating policies and determine the effect which catalyst deactivation has
on the conversion at the reactor exit and the axial temperature profiles
within the reactor. The operating policies and typical conversion and
temperature results are presented graphically.
